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ABSTRACT

The U. 8. Army Toxic and Hazardous Materials Agency has requested that AMAX
Ixtractive Wieseareh & Development, Inc. conduct a five-phase program to review the
literature on -the current state-of-the-art in metal recovery from plating wastes, to
propose a typical plating sodge composition and aging treatment (in lieu of actual U. S.
Army plating wastes), to develop a research and design test plan for treating this
typical platit shadg, to conduet the test program, and to summarize the results In a
final rqort,

This final report proposes a sulfuric acid leach of hydroxide plating sludges,
containing copper, cadmium, zinc, nickel, Iron, and chromium, to extract greater than
99 percent of the heavy metal values, followed by lime treatment of the resulting filter
cake to render it nonhazardous to UP teting. The sulfuric acid leach extract may be
treated by selective sulfide precipitation at a controlled pH rme in order to produce
a mixed sulfide of copper and cadmium with most of the zinc present In the original
extract separate from a leach liquor containing more than 98 percent of the chromium,
which does not form a sulfide precipitate. Nickel and iron are not selectively separated
under the sulfide precipitation conditions. However, a solvent extraction process using
di('20-tl0 hosphoric acid can be used for recovering nickel, Iron, and chromium
from the resulting filtrate.
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INTRODUCTION

The U. S. Army Toxic and Hazardous Materials Agency has requested that AMAX
Extractive Research & Development review the current state-of-the-art in metal
recovery from existing plating waste sludges. The Army has stated in their solicitation
for this contract that separation and recovery will become advantageous in the future,
with the present time being the appropriate period to consider technology
development. We believe that the Army will set the pace regarding what can be done
to recycle potentially valuable and strategic metals, such as chromium, for which there
is essentially no commercially viable domestic source. Plating wastes represent a
significant stockpile of metal values which may be of strategic significance.
Furthermore, by developing the requisite technology for utilization and detoxification
of plating wastes, the Army will be developing the technology which will enable smaller
plating businesses to recover and process potentially valuable sludges.

The program, as originally outlined (Solicitation DAAK11-94-0015, December 5,
1983), divided the effort into five phases:

Phase I - Literature Review
Phase U1 - Army Survey Review
Phase ll - Research and Design Test Plan
Phase IV - Experimental Procedure and Analysis
Phase V - Technical Report

It was the intention in Phase U to examine typical Army plating sludges;
however, this was not possible. In lieu of this, a typical estimated aggregate of
electroplating sludge compositions was agreed upon by discussion of the sponsor as part
of Phase III - Research and Design Test Plan. This technical report (Phase V)
summarizes the program as described in the original solicitation.

, - :"L€5 ' ' . '; " " r ,*: -: ,., -. . .,,:€ ,, .. € : ....- -1.



PHASE I - UERATURE REVIEW

Phase I of the project "Plating Waste Sludge Metal Recovery Mechanisms"
(DAAK11-84-R-0015) requires a search of the literature to build a base of knowledge on
the current status of generation and treatment of waste sludges from plating
operations. Initially, a computer search of several data bases (chemical abstracts,
Dialog, etc.) was done to locate publications covering the subject within the past 15
years. Key words used in the search were sludge hydroxide. plating, and recovery.
Initially, only hydroxide sludges were considered, since 22 of the 23 installations
described in the report "Plating Wastes Survey" produce this type of sludge, while the
other installation produces a sulfide sludge. 1 In the initial search, approximately 100
citations were found relating to recovery of metals from hydroxide sludges from plating
installations. In addition to this initial search, a published search from the National
Technical Information Service (NTIS) was obtained which listed 304 citations covering
the years 1970 to 1983 with regard to "Metal-Containing Liquid Wastes". 2 Due to the
number of citations found in these initial searches dating back to only 1970, it was
decided not to intentionally search the literature prior to this date. Instead,
appropriate publications, books, and conference proceedings from this 15-year period
were ordered, collected, and categorized for use as the technical information base for
the project. Once these articles were received, they were reviewed for pertinent
information, and the references contained within them were used to order additional
articles, if warranted. At the time of this writing, numerous publications from journals
and conference proceedings, as well as government reports and reference books, have
been collected and categorized.

Many hundreds of studies relating to treatment of waste streams have been
conducted. However, studies on pretreatment or treatment of the resulting sludges,
especially plating sludges, have not been so numerous. Indeed, treatment methods
involving sludge dissolution with resultant metal recovery appear to have received less
emphasis in the past because of unfavorable economic considerations. Relatively
inexpensive disposal costs have precluded development and installation of methods or
processes aimed at metal recovery from sludges. However, as disposal costs continue
to rise and as concern for solid waste pollution of the environment grows, the incentive
to recover and recycle metal values from solid wastes will increase. As a result,
dissolution and recovery processes may become viable when all factors are considered.

After searching the available literature, a convenient method of classifying the
articles became apparent. Many publications or books dealt with solid waste disposal in
relatively general terms and could readily be classified as reviews of current technology
in this area. Other studies were aimed at characterizing sludges In order to understand
variables effecting sludge generation so that improvements to the sludge-producing
process could be made with a resultant decrease in sludge generation. In some
Instances, sludge was recycled. Finally, the studies of greatest interest with regard to
the current project dealt with methods for dissolving and recovering metal values from
sludges, although many interesting processes are applied to sludges that are not plating
wastes. It should also be understood that although most studies or reviews can
conveniently fit into one of these three classifications, some of the studies could easily
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fit Into all three categories, or two of the three categories. A summary of the more
Important articles collected, as they fit Into one of the three categories, follows.

REVIEW ARTICLES

Review articles appeared In journals or government reports,3-12 conference
proeeedinp,13-14 and books. 1 5- 2 0 A very thorough review of waste management on a

worldwide basis is published as a committee report. 2 1 This study, which was conducted
by a NATO committee, surveys the Federal Republic of Germany, France, the United
States of America, Canada, The Netherlands, and the United Kingdom with respect to
the production and treatment of plating wastes. It tends to treat individual metals
separately, rather than as mixed sludges from several plating operations. Although the
Information contained in any of the publications may vary due to completeness of
technology description and with regard to publishing date, the articles follow a general
pattern of presentation. The publications, government reports, or conference
proceedings generally begin with an introduction to the problem of waste management
with reference made to generation of hazardous waste as defined by the government.
For p lications since 1980, the Federal Register of May 19, 1980, is most often
used. Guidelines for disposal of waste are usually set forth, and estimates of either
the number of plants In the United States producing plating sludge or of the weight of
sludge produced are usually stated to give the reader an idea of the extent of this
problem. The article or publication then proceeds to review the current methods for
sludge treatment or disposal divided into categories. These categories may often
include: I) physical treatment, such as filtration, to reduce sludge volume, 2) thermal
treatment, such as Incineration or calcination, to reduce sludge volume and possibly
transform the sludge from hazardous to nonhazardous, 3) chemical treatment, such as
digestion with acid, to recover and recycle metals or to render the sludge nonhazardous,
4) encapsulation or fixation in order to immobilize toxic metal ions with regard to
leachability by groundwater, and 5) landfilling applications which may be the primary
method of disposal or may follow any of the above pretreatment methods. Reference is
then made to particular industrial applications employing any of these processes or to
laboratory or pilot-scale studies that may warrant development of a new process. The
primary difference between journal articles and books is the depth of discussion.
Obviously, In books, whole chapters can be devoted to a single process or treatment of a
specific sludge; whereas in journal articles, the descriptions are significantly condensed.

ARTICLES ON PROPERTIES OF SLUDGES

Studies have been done to Investigate the effects of mixed metal hydroxides
compared to single metal hydroxides with regard to sludge stability. 2 3 The effects of
sludge aging oni metal extraction and proposed mechanisms for aging have also been
enumerated. " Several studies have correlated plant operations with physical
properties of sludges In order to decrease production of sludges. 2 - 29 Variables such as
pH of precipitation, effect of rinsing, type of precipitant, as well as other parameters,
have been Investigated In order to reduce generation of sludges. In one study, use of a
proprietary filter decreased sludge volume due to better dewatering not attainable with
other filters;3 0 while in another study, sludge was recycled in filtering operations for
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everal days prior to discharge in order to increase percent solids of the final
Iludge. 3 1 Another study investigated optimum dewatering techniques; 32 while in
mother study, chemical additives were used to improve sludge dewatering. 33 All of the
itudies' goals were aimed at decreasing sludge volume through characterization of the
dudge and by using better physical means of dewatering or sludge compaction.

KRTICLES ON PROCESSING SLUDGES

The final category for many of the articles collected is the one of greatest
interest to the current project. This category lists articles dealing with dissolution of
sludges and resultant metal recovery. Two excellent books are available from the
Noyes Data Corporation that deal with waste processing. 3 5, 3 6 The first of these is an
encyclopedia arranged alphabetically according to inorganic compound or metal
recovery from wastes.3 5 Processes are described for recovery of chromium, zinc,
cadmium, nickel, copper, tin, and other metals from various process wastes. This work
is a compilation of many known processes and provides excellent references. The
second book is divided into specific processes for treatment of waste effluents (both
solid and liquid). 36 Chapters are written that cover processes such as adsorption,
calcination, and dissolution. Also included are economic comparisons of the various
processes. This publication is a valuable comparative reference source.

Publications are available that describe sludge dissolution by acids3 7- 4 3 and
bases. 4 4 Emphasis in these studies is placed primarily on factors affecting dissolution,
such as pH, temperature, acid type (or base type), and percent solids. Once the metal is
solubilized, metal recovery can be accomplished by many standard processes now in use,
such as activated carbon 4? and membranes. 46 , 47 However, solvent extraction as a
means of metal recovery from dissolved wastes is receiving the greatest attention.48-53

In one study, an organic acid solvent was used to dissolve the sludge instead of an
inorganic acid.53 In a new handbook of solvent extraction, two chapters are devoted
entirely to solvent extraction applications in waste metal recovery. 48 This book is also
a valuable reference source.

Finally, several studies have been devoted to not only investigating metal
dissolution from sludges but also investigating metal recovery from these solutions by
solvent extraction, cementation, precipitation, etc. 48 , 54 - 5 8 In some of these studies,
integrated processes are proposed for specific waste solids. 4 8 ,5 6 ,57 Of particular
interest Is a report to the Environmental Protection Agency by a team at Montana
College of Mineral Science and Technology. 5 4 In this report, a metal hydroxide sludge
containing iron, copper, chromium, nickel, zinc, and cadmium was readily leached with
sulfuric acid In the pH range of 0.5 to 1.5 with greater than 95 percent extraction of
the metallic constituents within 30 minutes at 25 0 C. The subsequent recovery steps for
each of the valuable metallic constituents by solvent extraction follows a jarosite
precipitation of iron.

4

r . . -. v r .. " * .r ...... .%.-*. .- . -. . ..''',. '.'.."..-'......' ...'
, m .m llll- l..m~l: j nm~, l~linn~ .l, b~~h~h , . r - r. -*1 . * , * . . , .d



PHASE IV - EXPERIMENTAL PROCEDURE AND ANALYSIS

The experimental procedure and analysis follows the outline presented in the
irevious section of this report.
. PREPARATION, AGING, AND CHARACTERIZATION OF METAL HYDROXIDE

ILUDGES

Objective

Prepare a plating sludge which will, insofar as possible, simulate United States
krmy hydroxide plating wastes for subsequent use in the following sections of this
)rogram.

Experimental Procedure

A sludge similar in composition to an EPA estimated aggregate plating sludge 6

Nas produced by lime addition at pH 9.0 to a sulfate solution of the analysis shown in
rable 1. A quantity of stock solution (120 liters) was prepared by dissolution of reagent
grade chemicals. The hydrated chromium sulfate salt was prepared separately by
grinding to a powder, dissolution in a small quantity of hot water (90 0 C), and adding
that solution to the stock solution. This procedure was necessary because of the
extremely slow rate of dissolution of trivalent chromium sulfate salts.

Table 1. Estimated Aggregate of
Electroplating Sludge Compositions6

Compound Dry Weight, % Metal Dry Weight, %

Cu(OH) 2  12.3 Cu 8.0
Cr(OH) 3  14.8 Cr 7.5
Ni(OH) 3 * 39.1 Ni 21.0
Zn(OH)2  17.1 Zn 11.0
Cd(OH)2  1.7 Cd 1.0
Impurities** 15.0 "Non-Metals"** 51.5

Total 100.0 Total 100.0

* Although nickel is reported as trivalent by this reference,
this species is not stable in equilibrium with trivalent
zhromium.

** Primarily as calcium as mixed hydroxide and sulfate.
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,OU WIM OF I PROGRAM

The test program Is divided Into several steps as shown in the process flow
disgm shown In Figure 4. These major steps are.

1. Preparatf=, Aging, and Characterization of Metal Hydroxide Sludges

. Leaching of Sludges and Characterization of Leach Residues (Filter Cakes)

1. Extraction Testing on Filter Cakes from Sulfuric Acid Leaching of Metal Hydroxide
Sludges

4. Separation of Metals by Sulfide Precipitation

The emphasis In this Research and Design Test Plan covers as many of the
process steps as possible in order to answer basic questions as follows:

" For an aggressive sulfuric acid leach, does a prior aging history significantly affect
the leach kinetics and recovery?

" Upon leaching, can a residual gypsum cake be made sufficiently inert by washing
and pH adjustment to yield a waste which can be readily discarded?

* Can a bulk sulfide separation of heavy metals from chromium be effected or is a
more complex scheme of separation by solvent extraction required?

Once these basie questions are answered, then more specific and intensive
attention can be given to the Individual steps in order to optimize them with respect to
efficiency and scale-up. These details would require more effort and time than is
available in the present study.

16



PHASE l - RESEARCH AND DESIGN TEST PLAN

In the prior two phases, several alternative approaches to extraction and
recovery have been described in the flowsheets in figures la, 1b, 2 and 3. These
included ammonia and caustic leaching which were selective for certain species.
However, the prior history of the sludge with respect to its aging or syneresis has a
pronounced effect upon the selectivity of leach and leach kinetics. Since we will of
necesity be working with synthetic sludges and eventually with sludges from a variety
of installations, a preferred type of leach would be an aggressive leach which does not
depend, to a significant extent, on prior sludge history. A sulfuric acid leach has the
following potential advantages:

I. Sulfuric acid Is, on an equivalent basis, the least expensive reagent as compared
with caustic or ammonia. The latter can be recovered by a distillation process, but
the distillation stage represents an additional unit operation to the total process.

2. The starting plating solutions from which the sludges were originally formed were
sulfates. The sludges, therefore, are made up of metal hydroxides and gypsum. A
sulfuric acid leach has no effect on gypsum, which tends to be the major
constituent and returns the heavy metals to a mixed-metal leach liquor, having
sulfide as the common anion.

3. The heat effect of both dilution of concentrated sulfuric acid and the heat of
reaction between the acid and basic hydroxides can serve to accelerate the leach
kinetics without additional heating requirements.

4. The two recovery schemes which follow (bulk sulfide precipitation and solvent
extraction) require an acid pH.

5. Stagewise leaching with countercurrent flow of solids and acid can be employed to
minimize acid addition and maximize washing of the gypsum cake. Caustic or
ammonia leaching tends to be incomplete, and the gelatinous nature of ferrous or
ferric hydroxides tends to be a "sponge" for heavy metals. Therefore, in these later
leach schemes, an inert residue devoid of the potential for further environmental
leaching is probably not possible.

GOALS OF EXPERIMENTAL PROGRAM

Effort Is directed towards a generally applicable leach process which is
inexpensive and which produces an inert leach residue which will pass the EPA
Extraction Procedure (Appendix A). Furthermore the leach liquor should be processed
in such a manner so as to separate chromium, nickel, and iron from copper, cadmium,
and zinc. The former three elements (Cr, Ni, and Fe) are basic constituent metals of
stainless steels and may be reprocessed as such or reused In plating applications after
further separations. The latter three elements (Cu, Cd, and Zn) are separable in copper
refining operations and are readily precipitated as sulfides.

15



In each of the above schemes, a secondary sludge is generated. Presumably this
dhm wM be much more compact and will be in the nonhazardous category. Unless the
mson" shWIge Is highly crystalline, it will Inevitably contain some heavy metals. The
pe senc of exams lime and/or calcium carbonate may be sufficient for it to pass the
EPA Ieh tes. Particular attention will be devoted to an examination of this

wcadmy Waste.
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Figur 3. A conceptual flowsheet for acid leach of hydroxide sludge.
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properly controlledp it may be possible to leach the amphoterle elementt zinc,
elstively. This prior history may require calcination under neutral or slightly

reduetlve conadtions to convert soluble hydroxides to more inert oxides. If this
ealmation step is neeessary, then the overall process economies may eliminate this
proees, as compared with other approaches. Following the extraction of zinc, aqueous
air oxidation or more expensive peroxides can be used to promote the formation of
deromato, which Is then readily soluble in caustic. These steps would be studied.
Following the caustie dissolution, acidic dissolution of the solids would be conducted in
a manner similar to that described under the sub-heading "Acid Leach" below. If a
chromelzlne separation by control of oxidation potential Is not feasible, then the flow
diagram outlines two alternative approaches for treating the leach liquor containing
zine and chromium. Since the Initial starting sludge contains chromium and zinc not far
from the atomic ratio of 1 to 1, production of zinc chromate (ZnCrO4) may be a
possibility.

Acid Leaching

This approach, as Illustrated in Figure 3, is the most straightforward and
generally applicable approach, as It provides an aggressive solvent (sulfurle acid
preferred) which solubilises most of the species except calcium (and lead, If present).
It avoids formation of gelatinous precipitates which may be associated with recently
precipitated plating solutions, especially those containing Iron. Such precipitates are,
of course, hard to wash and filter. Sulfuric acid Is a preferred reagent because of its
lower cost to hydrochloric acid, Its compatibility with equipment, its low volatility
because it forms, sparingly, soluble calclum sulfate and also because It Is not consumed
by the gypsum present. For plating wastes containing lead, however, hydrochlorlc acid
may be preferred. If an iron rejection step Is desired, countercurrent leaching under
controlled conditions of pH with added sodium sulfate can be used to reject Iron in the
form of jarosite. For the purposes of this proposal, however, an aggressive single-stage
leach may be desirable in order to minimize retention time of leaching and assure
complete solubilization of all species but calcium. Sines the remaining solids have
already been subjected to a highly aggressive leach, they should be sufficiently Inert
upon further liming to pass the EPA leach test. This point will be verified.

Following the acid leach step, two schemes for treatment of the solution are
shown, namely, selective metal recovery and bulk metal recovery. The former uses
multistage sulfide precipitation of copper, cadmium, zinc, and nickel from iron and
chromium by control of the solution pH. Alternatively, solvent extraction using pH
control or several extractants yields a selective separation. The former treatment
scheme yields a bulk sulfide precipitate of copper, cadmium, zinc, and nickel, while iron
and chromium are left In solution again by proper control of solution pH. Chromium is
then recovered from the solution. The bulk sulfide precipitates may be an acceptable
feed to a metallurgical refinery; however, a determination would have to be made
regarding their solubility.

12
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solutions, but it Is readily oxidized by such benign oxidants as air to the soluble
dichromate species In the presence of added caustic. This step would require
testing. The leach solution of sodium dichromate would then be crystallized for
recovery of chromium. The washed sludge would require stabilization by a trace
redetant, such as sulfur dioxide, to reduce any chromium present to the trivalent
state. The pH of this secondary sludge would be adjusted to the range of 7 to 8 to
minimize residual chromium solubility.

4. As an alternative to caustic leaching of the chromium from the sludge from Step 3
Is an acid leach with sulfuric acid to produce the hydrated trivalent form
Cr(WO)6

+++. This species can then be oxidized by hydrogpn peroxide or other
oxidant to the dichromate form, followed by Ion exchange with tertiary amines
dissolved in aromatic kerosene.

5. A variation of the acid leach described in Step 4 Is eleetrooxidation of trivalent
chromium solutions in a cationic membrane cel to separate the dichromate
cation (Cr207=) from other cations. By recycle of the acidic anolyte from the
electrooxidation process to the acid leach, It may be possible to solubilize the
sludge without added acid.

6. Sludge products would be produced from either steps 4 or 5. They would be an
alkaline sludge consisting primarily of a mixture of calcium carbonate and calcium
sulfate (Step 4) or an acidic sludge consisting primarily of calcium sulfate. They
would require testing by the EPA prescribed leach procedure to determine whether
they are nonhazardous, especially with respect to chromium and cadmium. Low
temperature calcination and blending with added lme are remedies which may
retard solubilization of heavy-metal oxides so that groundwater leaching (simulated
by dilute acetic acid In the EPA test procedure) does not attack these oxides In
preference to calcium carbonate and lime. Emphasis in our study will Include the
examination of mechanisms of groundwater leaching as simulated by the EPA leach
procedure and techniques for rendering secondary sludges immune to attack.

A variation of the MAR proeesqjs shown in Figure lb. This flowsheet is taken
from a study by Battelle Laboratoriesou undertaken for the U.S. Environmental
Protection Agency. A stage-wise leach with ammonium carbonate of dried sludges
attempts a separation of an initial leach liquor which is copper rich and a secondary
leach liquor which Is nickel rich. This staged-leach process is sensitive to the prior
history of the sludge and is dependent upon relative leach kinetics of copper and nickel

Caustic Leaching

Figure 2 shows a conceptual flowsheet for caustic leaching of a hydroxide
sludge. As was discussed earlier in the ammonia dissolution scheme, chromium in its
trivalent state Is not highly soluble In caustic and may exhibit slow dissolution kinetics
under anaerobic conditions If Its hydroxide or oxide Is sufficiently crystalline because of
aging. Accordingly, If the prior history of the sample and the leach conditions are

9

' t I '11 T'



FiuE 1C. mmna eac MAD 6UEc.

STW

W3 MEA VCITT



this aging treatment, the sludge will be examined for moisture content, density, crystal
structure, and morphology by optical and electron microscopy and by X-ray
diffraction. The sludge would also be chemically analyzed.

POTENTIAL PROCESSES

This synthetic sludge would be the starting point for a test program aimed at
determining critical steps in detoxiffcation and recovery processes. The objective of
such processes is to minimize the volume of secondary discard products (secondary
sludges) and to render them inert to the EPA leach test for hazardous substances.
Although three leaching operations are listed below (ammonia leach followed by acid or
caustic leaching, caustic leaching, and acid leaching), it is not the recommendation of
this program to pursue all three. Twldwel 5 4 indicates that sulfuric acid leaching yields
high extractions of the heavy metal species. Since the residual solids from a sulfuric
acid leach are, upon liming, apt to be relatively inert to the more benign conditions
associated with the EPA leach test, we recommend that sulfuric acid leaching be the
leach of choice for metal recovery. For the purpose of comparison, however, three
leach methods are given below, namely ammonia leaching, caustic leaching, and sulfuric
acid leaching.

Ammonia Leaching

This scheme effects separation of nickel, copper, zinc, and cadmium (metals
which form strong amine complexes) from chromium and iron by selective leaching of
these amine-forming elements with an ammonium carbonate/ammonia solution. This
approach is a modified version of a rocess developed by the Swedish Company, MX-
Processor, called the MAR Process.98

The first two steps below are associated with the MAR Process; however, steps 3
and 4 are specific to the chromium-containing sludges which we expect to encounter.

1. Leach with an ammonlacal carbonate solution which leaves iron, chromium, and
calcium as insoluble hydroxides. Nickel, copper, cadmium, and zinc are converted
to soluble amine complexes (see attached Figure la).

2. The ammoniacal solution is then treated by solvent extraction to separate copper
and nickel from zinc and cadmium. Copper may be reclaimed as the metal from
the strip solution by electrowinning. The process of electrowinning consists of
depositing copper from solution at the cathode In an electrolytic cell having an
inert anode. Nickel could be recovered from its strip solution by crystallization as
nickel sulfate. Zinc and cadmium can then be recovered by precipitation of the
raffinate (i.e., the original leach liquor from which copper and nickel were removed
by solvent extraction) as carbonates. This second step is relatively straightforward
and may not require extensive study.

3. Additional steps are those associated with treatment of the remaining chromium-
rich sludge. The chromite species Cr(OH) 3 is only sparingly soluble in alkaline
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remaining from a metal reej-ery operation must pass the EPA leach test (see Appendix
A) for the hazardous elements of cadmium and chromium. Emphasis in our studies will
be on chromium as the metallic element which is the most difficult to remove and
recover of the listed species. Since electroplating wastes originate primarily from rinse
solutions rather than disposal of plating bath solutions, we propose to produce a sludge
by liming dilute solutions formulated to produce a sludge similar to that described
above. However, since rinse baths generally contain sulfates, liming of these solutions
will necessarily form a significant amount of gypsum as a coprecipitated compound,
along with the metal hydroxides. Furthermore, iron should be included in any sludge to
be treated, as its occurrence has been reported by Procko 26 in his studies on Air Force
electroplating wastewater samples. Therefore, after recovery of the valuable
constituents from sludges, one can expect that the secondary sludge will consist
primarily of gypsum and iron hydroxide compounds.

We propose, therefore, based upon these considerations, to formulate a hydroxide
sludge by lime treatment to pH 9 of an aqueous sulfate solution to produce a sludge of
the approximate composition below:

Compound Dry Weight, %

Cu(OH)2  7
Cr(OH)3  10
Ni(OH) 2  7
Fe(OH)2  7
Cd(OH)2  I
Zn(OH) 2  7
CaSO4  61

Total 100

Although chromium would normally be predominantly in the hexavalent state, for
the purposes of simplicity the starting solution would be made up from chromium in Its
trivalent state. Also, Procko aged his sludges at room temperature for six weeks. A

*portion of the sludges produced could be so aged; however, an acceleration of the aging
process is recommended as follows: upon filtering, the sludge would be stored in
loosely-sealed containers for one week at 150°F to attempt simulation of storage in a
landfill. This temperature and time is based upon an activation energy of about 13,000
calories per gram mole for the dehydroxylation of clays,59 which represents a doubling
of rate for every 10 degrees centigrade of temperature. Consequently, a one-week
holding time at 150°F represents about a half-year of storage at ambient
temperatures. This choice of temperature and time Is only a starting point, which could
be modified if preliminary tests Indicated temperature and time were significant
factors in the properties of the sludge. The goal of the aging treatment is to attempt
to produce a sludge which Is similar to one which has undergone ambient storage. After

S.



PHASE B - ARMY SURVEY REVIEW

The U. S. Army Mobility Equipment Research and Development Command, Fort
Belvior, Virginia, has published a report, "Platin1 Wastes Survey", reviewing 23 Army
operations involved in plating of various metals. An examination of this report has
indicated that the Army operations vary in size from about 100 gallons/day to about
200,000 gallons/day in terms of wastewater production, which upon neutralization
generates sludge. The report does not give information on the metal assays of the
waste streams, the tonnage of sludge produced, or the chemical composition of the
sludge; however, it does establish a basis for selecting a sludge composition which is
more or less typical For example, 22 of the 23 sludges which are generated are
hydroxides rather than sulfides. Also, cyanide is essentially absent because of prior
oxidation to harmless cyanates, and furthermore, chromium generally has been reduced
to the trivalent state and precipitated. Since the sponsor has indicated that it is not
possible to execute Phase II (Army Survey Review) as originally planned, we intend to
use the Plating Wastes Survey as the basis for establishing general parameters of sludge
makeup.

The study by Procko 23 establishes some of the parameters associated with the
mechanism of syneresis in the aging of plating sludges. He made up a synthetic
wastewater according to an analysis of an Air Force electroplating wastewater sample
which was considered typical of wastewaters from other DoD plating shops. This
wastewater contained, in the order of decreasing concentrations, chromium, calcium,
magnesium, iron, copper, cadmium, and nickel This synthetic wastewater was then
reacted with a reductant to reduce hexavalent chromium to the trivalent state,
followed by precipitation with lime or caustic soda to a pH of 9. The sludge resulting
from this precipitation process was then subjected to several aging treatments,
including a six-week storage process at room temperature. The aging reduced the

. solubility of heavy metals to the EPA Extraction Test and to some degree simulates
,. field conditions.

The approach of Procko in preparing a sludge from a synthetic solution and aging
* of the sludge will be the basis of our studies. The composition of the synthetic solution

will be based on a sludge described by the EPA as "An Estimated Aggregate of
Electroplating Sludge Composition". This sludge offers a broad spectrum of hydroxyl
species as listed in the table below.

In the following section on "Potential Processes", we suggest a formulation based
generally upon the above "Estimated Aggregate" to include iron in a mix of elements
which should yield a sludge having properties similar to that generated in DoD plating
practice.

- DEVELOPMENT OF SYNTHETIC SLUDGE

Any detoxification and recovery process should be sufficiently flexible to treat a
mix of elements at various stages of aging. At a minimum, any secondary sludge

5



In order to avoid formation of large inhomogenous masses of precipitate, the
procedure for preparation of the sludge was as follows:

1. A lime slurry containing 10 percent by weight Ca(OH) 2 was maintained in
suspension in a stirred feed vessel equipped with a peristaltic pump. The rate of
delivery of the lime slurry was variable and controlled by an automatic titrator
connected to a pH prcbe located in a 20-liter mixing chamber.

2. Twenty liters of deionized water were added initially to the mixing chamber, which
was equipped with a 6.5 cm single-bladed impeller operated at 750 RPM. The
mixing chamber was covered with a sealed lid to exclude air and equipped with an
overflow to a 55-gallon tank to serve as a receiving vessel for the sludge.

3. The stock solution was then pumped at a constant rate of 10 ml/min into the vortex
of the mixing vessel where it was combined with the lime slurry added at a variable
rate to maintain pH control at 9.0. In practice, this rate was 2.5 ml/min.

4. The agitation rate was sufficient to maintain the solids in suspension so that a
slurry of uniform concentration was discharged via the overflow to the 55-gallon
settling chamber.

5. The system was operated continuously at 22 0 C for several days until an equivalent
dry weight of nearly 24 kg of sludge was produced. The sludge was allowed to
settle over a weekend without the need for addition of flocculants, since it formed
large floes naturally. The clear solution was then decanted, filtered to remove any
trace solids, and submitted for analysis.

6. The sludge was then mixed, filtered, and weighed to determine the gross moist-cake
weight.

7. A sample of sludge was then oven-dried at 110 0 C overnight to determine the
moisture content and then submitted for analysis.

8. The remaining moist sludge was divided into three portions (A, B, and C) (see Figure
4) for subsequent aging. Portion A was stored in a tightly-sealed container for
subsequent acid leaching (to occur within 1 to 2 days of preparation). Portion B was
stored in a loosely-sealed container and placed in an oven held at 650C for one
week. Portion C was placed in an open container, covered with porous fabric, and
aged at room temperature (220C) for six weeks.

Experimental Results and Discussion

Table 2 shows the assays of starting solution, filtrate, and sludge filter cake.
The predominant compound is calcium sulfate, as is expected. A discussion of the
mineralogical properties of the starting sludge A and the two aged sludges B and C Is

* given In Appendix B. The results can be summarized as follows:

1
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X-ray diffraction analysis shows the metal hydroxides to be amorphous. Two
crystalline phases, isomorphs, of calcium sulfate were identified: bassanite
(2CaSO4"H20) and gypsum (CaSO 4 *2H20). Gypsum converts to the hemi-hydrated
bassanite at elevated temperatures; whereas at lower temperatures, gypsum is the
stable phase. The three leach residues can be categorized as follows:

Type A (No Aginx)

This sludge contains amorphous metal hydroxides and coarser-grained, needle-
like crystals of bassanite. The moisture content was 56.2% by weight.

Type B (Seven Days Aging at 65 0 C)

This sludge contains amorphous metal hydroxides and a trace of gypsum. The
moisture content was 6.6 percent by weight.

Type C (Six-Weeks Aging at 22 0 C)

This sludge contains amorphous metal hydroxides and gypsum crystals. The
moisture content was 12.4 percent by weight.

Type C sludge is probably more characteristic of actual plating sludges which
have been aged in a natural environment. The free moisture is slowly incorporated into
the calcium sulfate as water of crystallization converting the hemi-hydrated form
bassanite into the stable form of gypsum with two waters of hydration. The reduced
free moisture content of Type C over Type A is partly due to this conversion and partly
due to evaporation in dry laboratory conditions. Conversion to gypsum may even be
accelerated when moist conditions are present (exposure to rain).

As will be discussed subsequently in the section on leaching, Type B sludge,
which was heated and artificially aged, exhibited poor filtration characteristics after
sulfuric acid leaching. This is probably a result of the many nuclei of gypsum which
were present. These nuclei of gypsum form many fine crystallites, a situation not
experienced in Type C sludge, where sufficient time has elapsed for large crystals of
the stable gypsum phase are allowed to form.

2. LEACHING OF SLUDGES AND CHARACTERIZATION OF LEACH RESIDUES
(FILTER CAKES)

Objective

The objective of the leach procedure is to maximize the recovery of the valuable
-* metal species and produce a secondary leached filter-cake which has a low solubility of
'. heavy metals, especially cadmium and chromium.

21
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Experimental Procedure

Plating sludges of uniform composition but different aging histories, as described
in the previous section, were used as solid feeds to the sulfuric acid leaching tests.
Five leach tests were performed as follows:

Test No. Cake Type

1 A (No Aging)
2 A (No Aging), duplicate of Test I
3 B (7-Days Aging at 650 C)
4 C (8-Weeks Aging at 22 0 C)
5 C (6-Weeks Aging at 22 0 C), more

aggressive washing than Test 4

Samples of each plating sludge were dried at I 10 0 C overnight to determine the
moisture content. In a given test, the moist sludge, as-received, was pulped with

*. deionized water to a pulp density ranging between 20 to 30 percent solids by weight
after correction for the interstitial water was made. A measured volume (somewhat

*less than 1 liter) of the slurried pulp was transferred to a stirred 2-liter reactor (kettle
equipped with baffles and a 6.5 cm long, single-bladed impeller-agitator, operated at
750 RPM). An initial sample of slurry was taken to verify the pulp density by weight
measurement before and after drying. The dry solids were assayed for Cu, Cr, NI, Fe,
Cd, Zn, Ca, and S04= (see Appendix C for assay procedure).

Timing of the actual leach commenced upon addition of sufficient concentrated
(96.5 percent) sulfuric acid in order to bring the solution pH (corrected for the
temperature elevation) to 1.5. The sulfuric acid was added from a graduated pipette to
maintain this pH during the test. In practice, it was found that the acid requirement
for cake dissolution was essentially satisfied in 10 minutes for all tests. After 30
minutes of contact, the volume of acid which was added was noted, and an additional 10
percent acid was added. The pH drop was noted. Ten-milliliter samples of slurry were
withdrawn at intervals of 15 minutes after withdrawing a 30-minute sample. These
samples were filtered and submitted for assay. After 90 minutes from the initial acid
addition, the test was terminated and the kettle contents transferred to a Buchner
funnel filtration apparatus.

During the test, the temperature was noted, rising during sulfuric acid addition
and essentially being maintained constant within a few degrees centigrade by kettle
insulation. At the end of the test, two 250-ml portions of 0.1 normal sulfuric acid
solutions were heated to the slurry temperature and used as separate washes on the
filter cake. The leach liquor and wash liquor volumes were measured but not
combined. Each solution was submitted for analysis. A portion of the moist filter cake
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was set aside for subsequent EP extraction testing, while another sample was dried and
the moisture content determined. This dried cake was assayed. Upon correcting for
samples taken, the percent of each element extracted was recorded, as based upon the
solids assay. The "accountability" for the mass balance was calculated by adding the
mass of a particular element in solution samples and final filter cake, dividing that
summation by the maw originally present in the initial sludge addition, and multiplying
the quotient by 100 to yield a percent accountability figure.

In one test (Test Number 5), a more vigorous leach procedure was used in which a
Waring-type blender was used to repulp the solids between washes. Furthermore, in
addition to the two washes with 0.1N H2SO4 , two washes with deionized water, for a
total of four washes, were performed on the leached filter cake.

Experimental Results and Discussion

Test procedures and test results are presented in Tables 3 through 8. The leach
temperature was not controlled, reaching a maximum value just after acid addition as a
result of the enthalpy of dilution and reaction between the acid and basic hydroxides.
An inspection of the solution assays shows that leaching was essentially complete within
the first 30 minutes. Also, the final metal concentrations in the leach liquors show that
they are a function of the original pulp density which varied from 28.5 percent by
weight (Test 1) to 18.4 percent by weight (Test 4).

In comparing the final leach liquors with the original stock solution from which
the original synthetic plating sludges were prepared, a 2.5 to 3.5-fold concentration
ratio of the metallic species is noted. The exact concentration ratio Is, of course, a
function of the pulp density of the starting slurry. If It were desirable to attempt to
achieve a high concentration ratio associated with a typical plating solution, then
multistage contact would be required. In our experimental leach studies, such high
concentrations as might be achieved through multistage contact was avoided partly to
keep the test program within a limited scope and also to avoid reaching saturation
limits associated with potential "double salt" formation.

Table 3 summarizes the five leach tests which were performed. In all five tests,
metal recovery was close to 100 percent with the exception of cadmium which was
nearer to 98 percent. This lower recovery of cadmium may be a result of its low
starting level initially or a result of precision in analysis which tends to be lower for
low concentrations. Since the recoveries of metals are all uniformly high In an five
tests, it is more instructive to compare the terminal filter cake assays. For example, in

Test 3 on sludge Type B In which accelerated aging was performed as a prior sludge
treatment, the terminal leached filter cake assays were the highest for the five tests.
The accelerated aging is seen to make the sludge more refractory to leaching.
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A comparison of the morphology of the solids before and after leaching is given
In tabular form below. (For microstructures and further details, consult Appendix B).

Solids Type (Treatment)
A (No B (Accelerated Aging, C (Six-Weeks
Aging) 1 Week at 650C) Aging at 220 C)

Sludge Bassanite Bassanite with fine Gypsum
(Before Leach) nuclei of gypsum

Cake Bassanite Bassanite with approxi- Bassanite on
(After Leach) mately equal quantities needles which

of gypsum in a felted were formerly
mass. gypsum.

Both filter cakes A and C exhibited slow filtration rates* because of their
interwoven crystalline structure, but sludge B filtered very slowly because of the dense
felted-mass of fine crystallites present. The leach temperature of approximately 50 to
600 C is high enough to convert the calcium sulfate to the hemi-hydrated form
(bassanite). In Type C sludge, the bassanite formed as long needles on gypsum as
pseudomorphs. This crystalline form enabled somewhat more rapid filtration rates to
be achieved. These morphological differences account for the higher metal content of
filter cake from leach Type B sludge than the other two sludges.

In Test 5, effort was directed towards a more aggressive wash procedure.
Comparison between Tests 4 and 5 for the same feed material, the same leach
procedure, but different wash procedure shows that the filter cake from Test 5 was
lower in metallic constituents, generally.

3. EXTRACTION TESTING ON FILTER CAKES FROM SULFURIC ACID LEACHING

OF METAL HYDROXIDE SLUDGES

Objective

The objective of the extraction tests on the filter cakes produced from sulfuric
acid leaching of metal hydroxide sludges is to determine the effect of leaching,
washing, and added lime on the solubility of the filter cakes in a simulated
environmental exposure.

* Approximately 0.7 milliliter of filtrate per sq cm of surface per hour In a 2 cm
thick bed under "house vacuum". A Whatman #42 filter (slow) was used.
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Experimental Procedure

The Extraction Procedure (EP test) is fully described in Appendix A. The EP test
s an attempt to accelerate leaching conditions which may occur under conditions of
-nvironmental exposure in order to compare one residue with another with respect to
-elease of toxic constituents. In brief, the test is performed as follows:

'a

One hundred grams (equivalent dry weight) of as-received (moist) filter cake is
;lurried with 1.6 liters deionized water (includes correction for water present in cake).
The pH of the slurry is adjusted to 5.0 at 250 C with 0.5 normal acetic acid (but not to
exceed 4 ml of acetic acid per gram of dry equivalent solids). The slurry is agitated for
24 hours at a temperature in the range of 20 to 40 0 C (in practice - 250 C). Acetic acid
is added to maintain a p1l of 5.0 provided the above limit is not exceeded. The final ,
volume of extract is noted, and the extract is routinely analyzed for the following
elements: As, Cd, Cu, Fe, Mn, Mo, Pb, Zn, Al, Ba, Be, Ca, Co, Cr, Mg, Ni, V, Hg, Se,
and Ag. The maximum levels of heavy metals which are allowed in order for a sludge to
be classified nonhazardous is given as:

EPA Permitted
Level, mg/i

Arsenic 0.50
Barium 10.0
Cadmium 0.10
Chromium (Total) 0.50
Lead 0.50
Mercury 0.02
Selenium 0.10
Silver 0.50 .

Six leach cakes were examined by the EP procedure. The prior history of the
cakes is given in Table 9. In the first three tests, cakes A (no aging), B (accelerated
aging at 65 0 C), and C (6-weeks aging) are compared. The prior leach history of these
cakes was identical, namely two dilute sulfuric acid washes followed by two deionized
water washes. When the filter cakes were pulped with deionized water for the
extraction test, sufficient lime was added to bring the pH to 9.0 prior to the addition of
acetic acid. The last column shows the acetic acid requirement to react with the added
lime and bring the pH to 5.0.

In Test 4, which was performed on cake type C, a more vigorous washing
procedure was used in that a Waring type blender was employed to produce a smooth
paste during each pulping operation. The blender was operated for 5 minutes, as
solution was added for each of 4 washes. No lime was added to the liquid for the
extraction tests.
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Table 9. Extraction Procedure Tests on Filter Cakes from Sulfuric Acid Leaching of Sludes

Procedure IF Teat: Slurry 100 grams of cake (dry weight) with 1.6 liters D.I.

R20. Adjust pH to 5.0 with 0.5N acetic acid, but not to exceed 4 al of acetic
acid per gram of solids. Mix 24 hours at a temperature between 20 and 400C.

Acetic Acid
Cake Originating Parts Per Million (Mass Basis) of Elements Required
from Sludge Type Prior Cake Preparation Cu Cr Ni Fe Cd Zn gms/gm Cake

A (No Aging) Two O.1N H2SO4 (250 ml) 0.88 0.53 0.53 0.075 1.24 0.98 0.50
washes at 70 0 C, plus
two (250 al) D.I. water
washes at 60 0 C using
stirred reactor. Add
sufficient lime to
pulped solids in ex-
traction test to bring
starting pH to 9.0.

B (7 Days at 65 0 C) As above. 7.19 4.10 9.39 0.19 2.29 12.4 0.80

C (6 Weeks at 220 C) As above. 1.21 1.16 1.13 0.053 1.09 1.67 0.76

C (6 Weeks at 220 C) Two 0.IN R2804 (250 2l) 0.30 0.22 0.13 0.092 0.67 0.38 0.07
washes at 700 C, one 250
al D.I. water wash at
700 C, one 250 al D.I.
water wash at 25 0 C, re-

pulp and treat with
Waring-type blender

between each wash.

C (6 Weeks at 220C) As above plus add 1 0.011 0.11 0.12 -0.016 0.036 0.058 1.22
part by weight Ca(O) 2
to 10 parts by weight
dry cake.

C Two 0.13 12SO4 (250 al) 0.007 0.13 <0.014 0.015 0.009 0.026 2.83
washes at 70 0 C followed
by two delonized water
washes (250 ml) at 600 C
in stirred reactor. Add
sufficient lime (one
part Ca(O) 2 per 2.4
parts cake) to maintain
pH at 10.0 in acetic
acid leach.

,try is test number, second entry is notebook number and page number for cross-reference with
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re 7. Sulfide Precipitation Test 1 (1124-28) (22 0 C). Distribution of elements as
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weight percent element remaining In solution (test conditions in tables 11
and 15).
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Table 15. Sulfide Precipitation Test -

Calculations on Percent Element Remaining in Solution
Test Number 2, Notebook Page Number 1124-28

Test Conditions:
Starting solution 1 liter of sulfate
solution of the following assay (all g/l)

Cu Cd Zn Ni Fe Cr

12.3 1.16 15.6 11.0 11.3 17.2

Add 29.5 g/l S= as Na 2S at a rate of
2 ml/minute
Temperature: 250 C
Duration: 300 minutes
Wash: 2 liters deionized water

Milliequivalents Weight % Remaining in Solution
Sulfide Added pH Cu Cd Zn Ni Fe Cr

0 100 100 100 100 100 100
110 2.13 64.72 100 100 99.25 100 100
220 2.20 36.84 98.12 98.22 96.21 97.82 98.10
330 2.28 4.35 95.24 97.84 92.98 96.36 96.80
440 2.50 0.10 1.12 87.25 88.55 94.37 95.76
550 2.90 0.12 0.85 65.51 82.64 91.75 93.67
660 3.20 0.05 0.33 43.83 76.06 89.36 92.65
770 3.40 0.10 0.45 24.51 69.39 87.96 92.85
880 3.55 0.08 0.35 7.34 58.86 83.23 89.65
990 3.83 0.09 0.36 0.61 44.92 79.60 90.13

1100 4.00 0.11 0.25 0.42 24.43 72.11 87.92
1100 + Wash 0.11 0.25 0.81 28.18 81.32 96.21
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Figures 5 and 6 show the test results as a histogram as weight percent element
remaining in solution versus milllequivalents of added sodium sulfide and pH (Figure 5)
and weight percent element in precipitate (Figure 6).

Test 2

The results of Test 2 are summarized in Tables 11 and 15 and Figure 7.
Essentially the same starting solution as was used in Test 1 was subject to a higher
cumulative sulfide addition (1,100 milliequivalents added as compared with 734 in Test
1). The terminal solution pH in Test 2 was also higher (4.0 compared with 3.25 for Test
1). The test results, as summarized in Table 15, show that in Test 2, copper, cadmium,
and zinc are removed to low levels (less than 1 percent remaining in solution) at the
terminal condition of pH 4.0. Nickel and iron remain in solution at 24 and 72 percent,
respectively, and chromium is seen to be precipitated to some extent. However, upon
washing the precipitate, chromium remaining in the combined solutions is 96 percent.

Test 3

The results of Test 3 are summarized in Tables 12 and 16 and Figure 8. This
test, which was conducted at 60°C, shows a shift In solution pH to lower values by
virtue of the higher degree of dissociation of bisulfate ion at elevated temperature.
Copper, cadmium, and zinc are removed to low terminal levels. If dilution and sampling
had not occurred, chromium at a starting concentration of 17.7 g/l is calculated to be
approximately 16.1 g/l for less than 9 percent removal from solution. Upon washing the
precipitate, negligible amounts of copper and cadmium are returned to solution;
however, better than 99 percent of the chromium is solubilized.

Test 4

The results of Test 4 are summarized in Tables 13 and 17 and Figure 9. This test
differed from the prior three tests in that a portion of the solids which had been
precipitated in the first three tests was combined with the leach liquor prior to addition
of aqueous sodium sulfide. An examination of Table 13 at a time of zero minutes after
addition of the precipitated (seed) shows a decline in copper concentration from 12.5 g/l
to 0.003 g/l and an increase In zinc concentration from 15.0 g/l to 23.8 g/l Clearly an
exchange between copper and zinc as sulfides occurs. An examination of Table 13
shows that 614 milliequivalents of added sodium sulfide was insufficient to precipitate
zinc to low levels. Also, chromium losses to the precipitate have occurred. Recycling
of seed served to improve the filtration rates which were originally about 1.5 ml per
hour per sq cm of filter cake to 5 ml per hour per sq cm.
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Table 14. Sulfide Precipitation Test -
Calculations on Percent Element Remaining in Solution

Test Number 1, Notebook Page Number 1124-26

Test Conditions:
Starting solution 1 liter of sulfate
solution of the following assay (all g/l)

Cu Cd Zn Ni Fe Cr

12.5 1.12 15.0 10.7 11.1 15.0

Add 58.9 g/l S- as Na 2S at a rate of
1 ml/minute
Temperature: 25 0 C
Duration: 200 minutes
Wash: 2 liters deionized water

Milliequivalents Weight % Remaining in Solution
Sulfide Added pH Cu Cd Zn Ni Fe Cr

0 2.05 100 100 100 100 100 100
110 2.10 66.32 95.60 97.21 95.30 96.46 97.11
220 2.13 37.67 95.12 95.16 93.18 95.04 96.04
330 2.20 0.75 92.65 92.24 89.64 93.58 94.21
440 2.40 0.14 1.71 85.67 86.05 91.94 94.15
660 3.13 0.16 0.99 45.96 74.78 88.04 92.23

660 + Wash 0.38 2.06 52.68 85.02 99.71 100
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Experimental Results

Test 1 (see Table 10)

In this test, a total of 734 milliequivalents of sulfide was added to the stock
solution whose assay is shown under the heading of zero time. The solution assays are
shown to decrease with increasing sulfide addition as a result of four factors. 1) Metal
ions are being removed from solution by precipitation, 2) metal ions are being removed
by sampling, 3) a dilution occurs by virtue of adding sulfide in aqueous solution, and 4)
although a reflux condenser was used to recover evaporated water, some losses due to
evaporation occurred. The actual data as measured are reported in this table; however,
by utilization of the reported information on sample volume and final leach liquor
volume, It is possible to correct for the various sampling effects in order to calculate
the weight percent of each element remaining in solution. This correction was applied
in Table 14, Calculation on Percent Element Remaining in Solution. An examination of
this latter table indicates the order in which sulfide combines with the metallic species
for their precipitation. For this solution by the addition of 330 milliequivalents of
sulfide ion and a solution pH of 2.20, less than I percent (0.75 percent) of the original
copper remains in solution. Upon increasing the quantity of sulfide added to 440
m illiequivalents and a pH of 2.40, not only does the copper level drop further but also
the cadmium level In solution is seen to have dropped to about 2 percent (1.71 percent)
of Its original value. At the sulfide addition to 660 milliequivalents, the percent zinc
remaining in solution is seen to drop, but only to about 46 percent of the starting
level This test indicated that insufficient sulfide had been added to remove zinc from
solution. The level of chromium was seen to drop but then return to its original level
(100 percent in solution) upon washing.
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atomic number and the approximate concentration on a cathode-ray tube by means of a
computer program Interface developed by the manufacturer of the equipment, namely
Kevex, Inc.) This procedure was not repeated for tests 2 to 4.

During the sulfide addition, the solution pH was monitored. After a
Apredetermined quantity of sulfide had been added, the test was stopped by transferring

the slurry contents to a Buchner filtration apparatus and separating the filtrate from
the filter cake. Filtration continued until the cake was nearly dry but not "cracked"
(i.e., split by shrinkage). The volume of the filtrate was then determined. The filter
cake was subsequently washed with deionized water, and the volume of wash solution
was measured. The filtrate and wash solutions were submitted for analysis. The filter
cake was weighed moist, and a portion was sampled and dried to determine the percent
solids. The moist filter cake was then stored under water in an air-tight container to be
incorporated in Test 4.

Four tests were performed. Test conditions are summarized below.

Test 1 (see Table 10)

To 1 liter of metal stock solution was added a sodium sulfide solution assaying
58.9 grams sulfide per liter at a test temperature of 22 0 C. Samples were taken at the

time intervals indicated and centrifuged, and the filtrate was analyzed by atomic
absorption. The solids from these samples were analyzed by EDFS. Table 10 presents
the results on solution assays.

Test 2 (see Table 11)

This test was similar to Test 1 with the following exceptions. The sodium sulfide
solution was one-half the concentration as that used In Test 1. The test was continued
to a higher level of sulfide addition. EDFS was not used on the centrifuged solids.

Test 3 (see Table 12)

This test was similar to Test 2 with the exception that it was conducted at
.. 60 0 C. The shift In solution pH to lower values was a result of the elevated

temperature.

Test 4 (see Table 13)

Test conditions were similar to Test 2 with the exception that sulfide
precipitates from the prior 3 tests were combined and added to the metal stock solution
prior to the addition of the aqueous sulfide solution. One solution assay was taken after
the addition of the precipitate but before addition of the aqueous sulfide solution.
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to the cake as it was being slurried for the extraction test. The EP test specifies that a
terminal pH of 5.0 (but not more than 4 ml of 0.5N) acetic acid be added per gram of
solids. If sufficient lime in excess of the amount required for neutralization of the
maximum specified acetic acid chemical equivalent Is added, then the terminal pH of
the extract can be held at 8.0. At this pH (Test 5), cadmium levels of 0.036 ppm were
present in the extract. The level of acetic acid added was 1.22 grams per gram of cake.

Test 6 used a higher level of lime addition, namely 1 part Ca(OH) 2 per 2.4 parts
of cake. A final pH of 10.0 was achieved. At this level, somewhat lower levels of
heavy metal content were noted, except for chromium which increased slightly. Some

- air oxidation of chromium probably occurred, and in its hexavalent state, its amphoteric
behavior would contribute to some increase in its solubility.

4. SEPARATION OF METALS BY SULFIDE PRECIPITATION

Objective

The objective of the sulfide precipitation tests is to effect a separation between
the metallic species of the sulfuric acid leach liquors by controlled additions of sodium

"* sulfide. Sodium sulfide is a basic constituent, and therefore, its addition to acidic
* solutions has the effect of raising the solution pH.

Experimental Procedure

A stock solution consisting of heavy metal sulfates similar in composition to that
produced in prior leach tests on plating sludges was prepared. This stock solution was
analyzed prior to testing. One liter of this liquor was placed in a 2-liter glass kettle
equipped with baffles and a 6.5 cm, single-bladed impeller-agitator operated at 750
RPM. The kettle was provided with a pH probe, a sampling tube, a reflux column to
condense vapors, and a heating mantel

A second aqueous stock solution of sodium sulfide was prepared and analyzed for
sulfide concentration. This stock solution was placed in a measuring burette for
monitored and controlled addition to the kettle at a rate of I ml/minute. Samples of
slurry were withdrawn at 10-minute intervals and centrifuged. The samples of filtrate
were submitted for analysis of the metallic constituents, namely copper, cadmium,
zinc, nickel, iron, and chromium. Analysis was by the standard addition method using
atomic absorption techniques against a known standard (see Appendix B for further
details). In addition to solution assays, energy-dispersive X-ray fluorescence-
spectrometry (EDXFS) was performed on the solids taken from the 10-minute samples
in precipitation test Number 1. (The sample was bombarded with broad-band X-rays
having sufficient energy to displace inner-shell electrons from their orbits. As other
electrons from the outer orbits collapse to fill the created vacancies, secondary X-ray
photons are generated. These photons are of specific energies according to the
elements emitting them. An energy-dispersive detector then displays the element
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Tests 5 and 6 show the effect of increasing lime additions upon extract
concentrations. In Test 5, 1 part of Ca(OH) 2 was added to 10 parts by weight of filter
cake (on a dry basis). In Test 6, the quantity of lime was Increased to 1 part Ca(OH) 2 to
2.4 parts by weight of filter cake (on a dry basis).

Experimental Results and Discussion

Effect of Prior Sludge History

Attention is directed to Table 9, tests 1, 2, and 3, in which the prior sludge
history is compared. In Appendix B, the sulfuric acid leach residues are characterized

,~ by mineralogical analysis. In that appendix, photomicrographs in Figures 2, 4, and 6
were taken of the filter cake feed to EP tests 1, 2, and 3, respectively. Figure 4 shows
why EP Test 2 on Type B filter cake yielded the highest extract levels of heavy
metals. The photomicrograph consists of a felted-mass of fine-grained gypsum which
has formed at 66 0 C as a decomposition product of the metastable coarser-grained
bassanite. This felted-mass has poor filtration characteristics, and therefore, some
occluded solution phase is trapped in the interstitial volume between each washing.
This accounts for the poorer results in the final EP leach.

. EP Test I on Type A cake (freshly precipitated and leached) is now compared
with EP Test 3 on Type C cake (aged 6 weeks at 22 0 C). In Appendix B, the two cakes

* are compared in Figures 2 and 6. The difference between these cakes is that Type A
cake is made up of bassanite, whereas Type C cake is undergoing transformation to
gypsum in the pseudomorphic shape of the original bassanite crystals. During this
transformation, some trapping of heavy metals (either by chemisorption, by mechanical
occlusion, or by lattice substitution) may occur. As a result, the sulfuric acid leaches

-* are not as effective in removing trace heavy metal constituents. During the long-time
(24-hour) acetic acid leaches associated with the extraction procedure, the trapped
heavy metal constituents are solubilized.

". Effect of More Vigorous Washing Procedure

A comparison between tests 3 and 4 in Table 9 shows that the latter yields lower
_ heavy-metal extract assays by about one-third. This difference is a result of breaking

down the bassanite pseudomorphs by the action of the blender to reduce the aspect
v. ratio of the needle-like crystals. The chopped-crystals are easier to wash, and as a

result, the starting solids contain a lower heavy metal assay (see Table 3). .

Effect of Lime Addition
'I. *1

Tests 4, 5, and 6 (Table 9) compare the effect of lime addition on fixing heavy
metal ions. In Test 4, no free lime was present, since the prior cake had been

*.: thoroughly leached with acid washes and water. Although the levels of heavy metals in
the extract are low, cadmium at 0.67 ppm Is still above the EPA standard of 0.1 ppm.
In Test 5, 10 percent (by dry weight equivalent) of hydrated lime (Ca(OH) 2) was added
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Table 16. Sulfide Precipitation Test -
Calculations on Percent Element Remaining in Solution

Test Number 3, Notebook Page Number 1124-32

Test Conditions:
Starting solution 1 liter of sulfate
solution of the following assay (all g/l)

Cu Cd Zn Ni Fe Cr| U-
12.7 1.19 16.2 11.3 11.6 17.7 r

Add 29.5 g/l S" as Na 2S at a rate of
2 ml/minute
Temperature: 600 C
Duration: 300 minutes
Wash: 2 liters deionized water

Milliequivalents Weight % Remaining in Solution
Sulfide Added pH Cu Cd Zn Ni Fe Cr

0 1.50 100 100 100 100 100 100
110 1.30 67.45 97.92 97.85 96.62 97.74 98.29
220 1.40 35.00 99.35 97.98 96.49 98.15 98.96
330 1.50 3.05 94.80 95.66 97.01 94.50 95.28
440 1.65 0.21 0.17 84.79 87.71 94.53 95.67
550 1.85 0.18 0.62 63.94 79.27 92.68 94.41
660 2.00 0.22 0.75 50.94 73.92 92.76 94.97
770 2.10 0.03 0.22 19.03 64.50 90.33 92.07
880 2.25 0.17 0.46 8.14 55.64 89.09 92.07
990 2.40 0.30 0.59 5.82 45.35 88.59 92.26

1100 2.65 0.11 0.49 0.97 29.56 86.40 91.09
1100 + Wash 0.23 0.64 2.59 34.72 94.92 99.03
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Table 17. Sulfide Precipitation Test -
Calculations on Percent Element Remaining in Solution

Test Number 4, Notebook Page Number 1124-36

Test Conditions:
Starting solution 1 liter of sulfate
solution of the following assay (all g/l)

Cu Cd Zn Ni Fe Cr

12.5 1.12 15.0 10.7 11.1 16.8

Add 16.4 g/l S= as Na 2 S at a rate of
2 ml/minute
Temperature: 22 0 C
Duration: 300 minutes
Add 100 grams of equivalent dry weight
moist sulfide solds from previous tests.
Wash: 2 liters deionized water

Miliequivalents Weight % Remaining in Solution
S Added as Na S pH Cu Cd Zn Ni Fe Cr

Without Seed 2.05 100 100 100 100 100 100
With Seed 2.93 0.02 62.60 151.77 87.27 83.03 79.10

61 3.00 0.12 0.90 143.32 86.46 82.52 77.98
123 3.05 0.11 0.57 130.52 84.69 81.93 78.15
184 3.10 0.07 0.39 116.83 81.60 79.83 75.72
246 3.13 0.14 0.51 110.04 82.98 82.12 79.71
307 3.20 0.11 0.42 96.09 79.53 80.15 77.73
368 3.20 0.09 0.44 80.40 75.82 78.02 76.12
430 3.25 0.15 0.45 71.15 73.94 77.46 74.44
491 3.30 0.09 0.35 66.29 75.11 80.26 77.96
552 3.30 0.15 0.49 50.80 68.96 76.28 74.69
614 3.35 0.15 0.50 41.20 67.44 76.87 75.79

614 + Wash 0.15 0.53 60.88 84.84 91.99 86.52
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Discussion of Sulfide Precipitation Tests

Background for Use of Selective Sulfide Precipitation

The method of selective sulfide precipitation with adjustment of pH as a
technique in chemical separations is well established. Simons6 1 has recalculated and
tabulated the solubility products of common metal sulfides. The table below lists these
values for copper, lead, cadmium, zinc, nickel, and iron, the common electroplating
species.

Solubility Product
Metal Sulfide (Expressed as Log1 n)

Cu 2S -47.70
PbS -27.03
CdS -26.15
ZnS -24.05
NiS -20.55
FeS -17.31

The above data represent a wide range of possible concentrations of metal ions
in solution for a given sulfide ion concentration and have been the basis for metal
separations, both in the chemical laboratory and on a commercial scale. In order to
estimate the metal ion concentration from the solubility product, a knowledge of the
sulfide ion concentration is required. This sulfide ion concentration can be calculated
from the ionization constants of hydrogen sulfide gas.

From the data compilation of Garrels and Christ 62 , the solubility and ionization
constants of hydrogen sulfide can be found as follows:

[H 2 S]aq
H2 S (g) = H2S (aq) Ka1 ) = p-HS(g) -fi 0.103 (1)

where p H2 S (g) is the pressure of H25 over the aqueous phase in atmospheres, and
[H 2S] aq is the molality of H2 S in aqueous solution.

H2S (aq) = H+ + HS- (2)

K2 [HJ [HS-] 9.89 x 10-82 [H2S aql
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HS- =H + + S=  (3)

K [H+ [s = 1.47 x 10-14K3 =_[MST_

From the above equilibria by summing equations (1), (2), and (3) and taking products of
the equilibria constants, the following relationship may be derived:

H2S(g) = 2H+ +S (4)

[H+]2[S= 1..5x10 22

4 p H2S (g)

The bracketed terms represent chemical activities of the ionic species, which
can be approximated by their molalities for dilute solutions.

By rearrangement of the equilibrium expression for Equation (4) and substituting
p H2 S as 1 atmosphere in the expression, one can express the equilibrium sulfide level
as a function of solution pH as follows:

IS=] K4 (5s] = (5)

Taking logarithms of both sides of the above equation and substituting the
expression pH = -log [H+ ], the following relationship emerges:

log[S- =logK 4 +2pH = -21.8+2pH (6)

From the tabular listing of metal sulfide solubility products, it is possible to
express the concentration of the metal Ion as a function of solution pH as follows:

Metal Sulfide Solubility Expression for Metal
Product Expression Ion Concentration

log rcu +m log [Cu+, = -12.95 - pH
log Pb rs log [Pb + I =-5.24-2pH
log d ++  S= log [Cd ++] =-4.35 - 2 pH
log rZn++ {s=- log Zfn++J = -2.25 - 2 pH
log iN1++j 1S=] log LNI++ ] =-1.25 - ? pH
log Fe ++ S7]  log [Fe++ =4.49-2pH

log LCr'+) (OH]3  log [Cr+++] = 11.83 - 3 pH
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In the table above, we have Included In the last line an expression for the
Ionization of trivalent chromium hydroxide from the data tabulated by Latimer.6 3

Lingane 6 4 states of chromium, "If one were following the systematic hydrogen sulfide
scheme of analysis, he would find chromium in the ammonium sulfide group, but it
occurs there as hydrous Cr20 3 because this compound is more insoluble (and thus more
stable) than Cr 2S3".

As will be shown below, it is theoretically possible to maintain chromium in
solution while quantitatively precipitating the other heavy metal constituents by
stagewise additions of sodium sulfide to the leach liquor using solution pH as a controL
The following discussion does not take into account coprecipitation effects which most
assuredly will occur in a mixed metal system. If one uses 1,000 and 1 mg/liter as a
threshold, it is possible to calculate the pH at which each metal species should
theoretically reach these thresholds as tabulated below.

Table 18. Calculated Solubilities of Metal
Ion Species in Sulfide Solutions in Equilibrium

with H98 Gas at One Atmosphere Pressure

pH Value at 25 0 C
Metal Ion Species 1,000 mg/liter I mg/liter

Cu' <0" 0*

Pb++  <0* 0.04
Cd++  <0* 0.35
Zn ++  <0" 1.28
Ni + +  0.26 1.76
Fe' 3.12 4.62
Cr+ + + (Value 4.52 5.52
for hydroxide)

* pH values less than zero indicate that this
species is highly insoluble even in highly
acidic sulfide solutions.

An examination of the above table indicates that from theoretical
considerations, it is possible to make a quantitative separation of chromium from
copper, lead, cadmium, zinc, and possibly nickel by stagewise addition of sulfide, e.g.

7n++ + Na2S -. ZnS +2Na + at pH 2

Cr+ + + + O H-  Cr(OH) 3 at p11 2
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The assum tion that chromium is an unassociated cation is somewhat simplistic,
as Finholt, et aL, 5 have reported the formation of a dim eric species in sulfate solution
at pH 2 of stolchiometry (H2 0) 4 Cr(OH)SO4"Cr(H 20) 4

+ 3. This polymerization of
chromium may have some significance with respect to its stability.

Comparison of Predicted Results with Experimental Results

The theoretical prediction; given in Table 18 are for sulfide ion with a hydrogen
sulfide overpressure of one atmosphere pressure; therefore, they are not strictly
applicable to our test situation in which sodium sulfide in an alkaline solution was added
to an acidic leach liquor. The hydrogen sulfide gas overpressure under our experimental
conditions is orders of magnitude smaller than one atmosphere (in fact, not detectable
by odor at a threshold of detection limit of about 1 ppm In the vapor phase).
Furthermore, pH and sulfide addition were interdependent. Therefore, the predictions
are only a guide to indicate that at pH values less than 4.0, chromium should be
relatively unaffected by precipitation, whereas copper, cadmium, and zinc should be
quantitatively precipitated.

Of the four tests, numbers 2 and 3 show the best results with respects to
maintaining chromium in solution and precipitation of copper, cadmium, and zinc. In
Test Number 2, a terminal pH of 4.0 was reached. At this value of pH, trivalent
chromium should have a solubility of more than 30 g/l in equilibrium with its hydroxide;
however, Table 15 indicates that only 87.9 percent of the original chromium remained
in solution. Upon washing with delonized water (which would tend to raise the pH
slightly), chromium was solubilized so that 96.2 percent of the chromium reported to
the combined Initial filtrate and wash solutions.

A balance of equivalents of metal ions participating in the sulfide precipitation
(excluding chromium which does form stable sulfides) can be conducted as shown in
Table 19. This table shows that within a limit of experimental error (9.8 percent for
Test 2 and 6.0 percent for Test 3), added sulfide precipitates an equivalent quantity of
heavy metals. The increase in chromium occurring upon washing is most dramatic in
Test 3 (Table 16), which shows 99 percent of the original chromium recovered to the
original solution. This recovery of chromium is confirmed by an assay on the
precipitate, which indicates about 0.2 percent chromium in the solids.

These tests show that a separation between a solid sulfide containing copper and
cadmium is readily made from chromium and that by careful control of pH, zinc will
follow copper and cadmium. As Is expected, nickel and iron tend to be divided between
the solution and the precipitate. By washing the solids, chromium recovery to the
combined filtrates is nearly quantitative.

.
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Table 19. Balance of Equivalents
of Metal and Sulfide Reacted

Starting Weight Fraction
Sulfide Solution, Precipitated at Milli-

Precipitation Gram-Milli- End of Test (Prior equivalents
Test Species equivalents to Washing) Precipitated

Test No. 2 Cu 387 x 0.9989 = 387
Cd 21 x 0.9975 = 21
Zn 477 x 0.9958 = 475
Ni 281 x 0.7557 = 212
Fe 405 x 0.2789 = 113

Total 1,208
Sulfide Added 1,100
Variance (%) 9.8%

Test No. 3 Cu 400 x 0.9989 = 400
Cd 21 x 0.9951 = 21
Zn 496 x 0.9903 = 491
Ni 289 x 0.7044 = 198
Fe 415 x 0.1360 = 56

Total 1,166
Sulfide Added 1,100
Variance (%) 6.0%
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5. RECOVERY OF CHROMIUM BY SOLVENT EXTRACTION

Objective

After sulfide precipitation to remove cadmium, copper, zinc, and some nickel,
the treated solution will primarily contain chromium (I), iron (11), and some nickel
Chromium can be recovered by oxidizing the solution to oxidize iron (11) to iron (1I1) and
by raising the solution pH to precipitate a chromium-iron sludge. Nickel would
primarily remain in solution. However, the ultimate disposal of such a sludge may not
be straightforward, and the sludge may require further treatment. An alternative to
hydroxide precipitation at this stage in the process Is solvent extraction. Solvent
extraction may result in separation of Iron from chromium, and concentration of each
specie would then be possible. In order to investigate this possibility, a few solvent
extraction tests were performed to determine iron (II) and chromium (I) loading as a
function of solution pH.

Experimental Procedure

Batch shakeout tests were conducted to study iron (II) and chromium (III) loading
as a function of solution pH. The shakeout tests were conducted in a baffled 400-ml
beaker of 2-3/8-inch inside diameter with a drain valve at the bottom to allow for
withdrawal of separated phases. A standard test was conducted at 22 0 C, using 150 ml
of organic phase and 75 ml of aqueous phase and a contact time of 15 minutes.
Agitation was supplied by a slotted disk impeller (1-1/2-inch diameter), rotating at
1,000 RPM. The solution pH was adjusted to the desired value using sulfuric acid or
sodium hydroxide solution. After the 15-minute contact time, the phases were allowed
to separate. After complete phase separation was obtained, samples of each phase
were taken, filtered, and submitted for assay. The aqueous phase pH was recorded, the
organic and aqueous phases were recontacted, and the solution pH was adjusted to the
desired value. This procedure was repeated several times to determine iron (I) and
chromium (MI) loading at several pH values.

In each shakeout test conducted, samples of both the organic and aqueous phases
were submitted for assay. The aqueous sample required no further preparation, while
the organics were prepared by a wet-ash technique. The aqueous phases were then
assayed by induction coupled plasma (ICP) spectroscopy. Good agreement was obtained
between assays of the loaded organic and raffinate in comparison to the feed aqueous
assay.

Experimental Results

Results of three sets of experiments are shown in Table 20. Feed to all three
experiments was solution that had undergone sulfide precipitation to remove copper,
cadmium, and zinc. The feed solution which was obtained by combining filtrates from
several sulfide precipitation tests contained 11.4 g/l Cr (i, 6.8 g/l Fe (II), 3.6 g/l Ni,
and 1.6 g/l Zn. A complete description of each test is given below.
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Table 20. Results of Solvent Extractiona

of Plating Waste SolutionD

Metal
Test Metal Extracted, % Loaded
No. Organic Composition pH Zn Fe (1f) Cr (III) Ni g/l

1 20 v/o DEHPA 1.16 42.2 13.9 0.03 0.0 0.8
Escaid 200 1.95 95.6 46.8 2.2 0.2 2.2

2.85 98.9 82.3 21.2 0.8 5.6
3.85 99.9 99.8 54.0 6.3 8.8
4.55 99.9 99.9 79.5 42.8 11.3

2 20 v/o DEHPA 1.25 32.4 60.0 0.1 78.1 4.4
10 v/o DMOO 2.04 92.9 97.2 2.8 98.7 7.5
Escaid 200 2.86 98.9 99.2 27.8 99.9 9.8

3.79 99.7 99.9 61.8 99.9 12.6
4.50 99.8 99.9 79.7 99.9 13.0

3 10 v/o DEHPA 1.25 30.8 49.1 0.03 81.0 3.3
20 v/o DMOO 2.05 46.1 86.9 0.4 98.4 5.7
Escaid 200 2.85 90.8 98.7 1.9 99.8 6.5

3.74 97.9 99.8 19.8 99.9 7.9
4.50 98.7 99.9 38.3 99.9 8.9

a All tests were conducted at 22°C using an organic-to-aqueous phase

ratio of 2-to-i.
b The feed solution contained: 11.4 g/l Cr + 3, 6.84 g/l Fe+2, 3.64 g/l

Ni, and 1.57 g/l Zn.

Test 1 (Table 20)

In the first test, the organic consisted of 20 volume percent di-2-ethylhexyl
phosphoric acid (DEHPA) diluted in Escaid 200 (an aliphatic diluent). The test results
show that with this organic composition, the order of metal loading was Zn >Fe (UI) >
Cr (Ill) > Ni.

Test 2 (Table 20)

In the second test, the organic consisted of 20 volume percent DEHPA plus 10
volume percent 3,7 dimethyloctanal oxime (DMOO) diluted in Escaid 200. The non-
chelating oxime (DMOO) acts as a synergist and can affect the order of metal
extraction. This effect was pronounced since the order of metal extraction was Ni >
Fe (11) > Zn > Cr (IWI).
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st 3 (Table 20)

In the third test, the organic consisted of 10 volume percent DEHPA plus 20
lume percent DMOO diluted in Escaid 200. The order of metal extraction in this test
ks NI >Fe I)> Zn > >Cr (M).

Discussion of Solvent Extraction Results

In the optimized process, zinc will be removed from the solution during sulfide
ecipitation. Therefore, the solution to be used in solvent extraction (or hydroxide
ecipitation) would primarily consist of iron (II), chromium (I1), and some nickel
ised on the results shown in Table 20, it appears that separation of iron from
tromium is possible using DEHPA (Test 1). The test resi'lts shown for Test 1 in Table
) indicate that at pH 1.95, iron (U) extraction was 51.5 percent, chromium (IM)
,traction was 2.2 percent, and nickel extraction was 0.1 percent. The iron (1)-to-
iromium (IM) separation factor (the ratio of the concentration of iron in the organic
vided by the iron in the aqueous divided by the ratio of the concentration of chromium
the organic divided by the chromium in the aqueous) at pH 1.95 is 39.4. The
paration factors at pH 2.84 and 3.85 are 17.3 and 102, respectively. These high
paration factors indicate that in a multiple-stage countercurrent, continuous solvent
traction circuit, a high degree of iron and chromium separation can be obtained. The
)proach to separating iron from chromium could be done using either one of two
ethods: 1) the iron could be extracted prior to chromium by controlling the pH or 2)
)th iron and chromium could be extracted, followed by selective stripping. In either
Lse, concentrated and purified iron (11) and chromium (I1) strip solutions would be
)tained.
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SUMMARY AND CONCLUSIONS

A "typical" electroplating sludge, consisting of a high proportion of calcium
kte and also containing heavy metal hydroxides of copper, cadmium, zinc, iron,
el, and chromium, was prepared and aged. The aging treatment had little effect
i recovery of the heavy metals upon subsequent sulfuric acid leaching. Metal
,veries of greater than 99 percent (with the exception of cadmium which was closer
8 percent) in the leach liquor were observed upon leaching at 650 C at pulp densities
,ing from 20 to 30 percent at a solution pH of 1.5. Time samples on the leach liquor
aated that the extraction was essentially complete in 30 minutes of leaching. The
!r cakes from the leaching tests were found to be innocuous, as determined by the
,action Procedure Test when 10 percent by weight lime was added to the filter cake.

The leach liquors were then subject to controlled additions of sodium sulfide in
;r to effect a separation between elements which readily form sulfides from
)mium. In one test conducted at 600 C with sodium sulfide added to a solution pH of
,, copper and cadmium were removed quantitatively from solution; however, zinc
'Is of 100 mg/liter were still present under these conditions. Chromium was
rfected by the precipitation process at this pH, with 99 percent soluble after
hing the filter cake. Under these conditions, nickel reports principally to the sulfide
!ipitate and iron to the chromium-rich solution.

Finally, a series of solvent extraction tests were performed on combined
•ates from several of the sulfide precipitation tests. High separation factors
oveen chromium and iron, and between chromium and nickel, were observed. This
cates that concentrated and purified iron, nickel, and chromium strip solutions can
)btained with the appropriate countercurrent continuous solvent extraction circuit
rating with DEHPA as the organic extractant.

The following conclusions were reached for the sludges that were prepared:

Aging of metal plating sludges has little effect upon recovery of heavy metals by
sulfuric acid leaching, except that accelerated aging at elevated temperature tends
to increase, slightly, the terminal heavy metal assays of the leached filter cakes.

Sulfuric acid leaching of the prepared plating sludges is effective in short contact
times (- 30 minutes) in effecting greater than 99 percent recovery of copper,
chromium, nickel, zinc, and iron and greater than 97 percent recovery of cadmium
in the leach liquor. Under the leaching conditions employed (pH of 1.5, initial pulp
density of - 20 percent), it was not possible to render the residual filter cake into
compliance as nonhazardous as specified by the Extraction Procedure Test. More
rigorous conditions of leaching (countercurrent, with stronger acid) may be
required.
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owever, the residual filter cake after leaching can be rendered innocuous to the
etraction Procedure Test by blending 10 percent by weight of lime to the solids
hich are primarily calcium sulfate.

lfide precipitation under controlled pH on the sulfuric acid leach liquors is
rfective in separating copper and cadmium quantitatively as sulfides from
iromium which remains in solution. Zinc is nearly quantitatively precipitated,
hereas nickel and iron report both to the sulfide precipitate and the leach liquor.

separation between divalent iron and chromium and between nickel and chromium
as undertaken in shakeout tests. An organic consisting of 20 volume percent di-2-
thylhexyl phosphoric acid (DEHPA) diluted in Escaid 200 (an aliphatic diluent) was
iown to effect a separation between chromium, iron, and nickel

itration rates of both the sulfuric acid leached sludge residues and of the sulfide
recipitates without added filter aid tend to be quite slow.

i
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nalytical Procedures

then atomic absorption Is used, the following EPA method will be used:

Flame Atomic Absorption Furnace Atomic Absorption

Cd 213-1 213-2
Cr 218-1 218-2
As 206-2
Cu 220-1 220-2
Pb 239-1 242-1
Zn 289-1 289-2
Fe 236-1 236-2
Ca 215-1
Mg 242-1

is of organic compounds in the effluents (e.g. DEHPA, Adogen 283, Alamine 336,
elating oximes, alcohol, diluent, etc.) will be done in-house, with quality control
ned by a certified laboratory (Rocky Mountain Analytical). This laboratory
ins its certification through an ongoing round robin program with EPA.

is performed by cold flame atomic emission using lithium as an internal standard.

lowing are examples of detection limits in liquid samples obtained by our graphite
; techniques:

As : Ippb Fe : Ippb
Cd : 0.1ppb Pb : lppb
Cr : Ippb Zn : 0.05ppb
Cu : Ippb
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Calibration curve is also used; the following diagram describes the procedure:

Instrument
Calibration

Reading 
of a

known standard not
part of the calibration :

Reading 
of

three unknowns

Reading a know n d ea
standard
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Calibration Procedures and Frequency

Standard addition techniques are used systematically on all samples, all blanks and
all EPA or Internal control samples.

Results are plotted as follows:

two spikes on sample

two spikes on blank

v ppm metal

x
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4. Sampling Procedure

" Analyzed samples should have only one phase

o If any sample presents two phases, they will be separated and analyzed
separately (0.45 - micron membrane filter)

o Composite sampling is recommended

o All samples analyzed for metals will be collected in polyethylene disposable
flasks with a polypropylene cap, preserved with HNO 3 until pH 2, kept cool
(40 C) until analysis, and analyzed within 24 hours for metals.

5. Sample Custody

- Process Sampling Operations

The following figure shows a recommended sample label containing all
information necessary for effective sample tracking.

Sample description:

Test Reference:
Location:
Time:
Media:
Preservative:

Sample ID No.:

Remarks:

Laboratory tracking of samples is performed by systematic use of standard
analytical reports as shown in the attached example.

70



I.

CHEMICAL ANALYTICAL TECHNIQUES EMPLOYED

1. Available Technique *

Limit of Detection In
Solids, ppm (Based Upon Limit of Detection

Element To 100-Fold Dilution of Solid) In Liquids, ppm
Be Determined ICP Flame AA ICP Flame AA

Cu 0.3 0.3 0.003 0.003
Cr 0.4 0.5 0.004 0.005
NI 0.8 0.8 0.008 0.008
Fe 0.3 0.5 0.003 0.005
Cd 2.0 0.6 0.002 0.0006
Zn 0.2 0.2 0.002 0.002
Ca 0.005 0.05 0.00005 0.0005
304= 3.0 - 0.03 -

2. Quality control is performed in the following methods:

a) Cross checking of results using different available methods of
dissolution and instrumentation.

b) Comparison with known standards.
a) Use of electrothermal atomization (flameless AA) on selected

samples and LECO on sulfur.

3. Interference phenomena are overcome by:

a) Use of standard additions on samples and blanks.
b) Use of internal standards.

On critical samples, assays will be performed in triplicate.

When anomalous assay values appear, they will be repeated in duplicate.

* The detection limit is the concentration of an anolyte that will
give a signal equal to twice the standard deviation of the back-
ground emission at that wavelength (noise). Values less than
twice the detection limit are not reported.

69

69

. ,- . . . . . . . . . •.



APPENDIX A

CHEMICAL ANALYTICAL TECHNIQUES EMPLOYED

Aqueous solution samples were subjected to inductively coupled plasma analysis
(ICP) or flame atomic absorption (Flame AA).

Solid samples were subjected to sodium peroxide fusion by standard methods to
render them soluble.

The table following gives the limit of detection of the two methods for each
element. The text which follows gives sampling procedure, sample custody, a typical
analytical report, calibration procedures and frequency, a fnow diagram for instrument
calibration, EPA analytical procedures (used on EP extraction tests), a flow diagram for
data reduction, a flow diagram for internal quality control checks, performance and
system audits, preventive maintenance, a flow diagram showing routine procedures used
to assess data precision, etc., and finally an excerpt from the Code of Federal
Regulations on the extraction procedure (EP) used. The section in this excerpt on
"Structural Integrity Procedure" was not required for our filter cakes.
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* some further treatment. This matter would require some discussion with several copper
refineries. Accordingly:

* It is recommended that some typical copper or zinc refineries be approached in a
Si discussion regarding the acceptability of mixed sulfides as a feedstock. Questions

of composition and tonnages which might become available would be the subject of
discussion. A result of these discussions may be that a bulk mixed sulfide is not an

Is

acceptable feed in that tolling charges would be unacceptably high. Such a
conclusion would require the study of an alternate method of effecting a separation
of the metallic constituents from aqueous sulfate leach liquors.

e It is recommended that the limited solvent extraction shakeout tests which were
conducted on the filtrates from the sulfide precipitation tests be extended to

-

S. S.

5, S..

Iicludomense coutercueta copprtinuou testinEffrtsho be dirocted -
todissobngring hihe purityptailions oixe choulfdsam. eeso ustos-
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RECOMMENDATIONS FOR FUTTRE WORK

Since it was not possible for this program to obtain actual plating sludges, a
decision was made to choose a method of recovery (sulfuric acid leaching) which would
be minimally effected by the prior history of the sludge. This expectation was realized
for the three syNthetically prepared and aged sludges that were studied; however, it
would be desirable to test actual field sludges to ascertain that they are universally
amenable to high recoveries of heavy metals by sulfuric acid leaching. Accordingly:

* . It is recommended that the studies on sulfuric acid leaching be extended to a
variety of field sludges to determine recovery levels.

No filter aid or other means of accelerating filtration rates were employed in
* the present study. Filtration rates were, as a result, extremely slow. Accordingly:

* It is recommended that the use of filter aid and other aids to filtration be studied
upon sulfuric acid leaching to improve filtration rates, and that these rates be
measured on equipment capable of more precise determination of filtration rates
than was used in the present study.

Effort was directed upon multiple washing of the filter cakes in order to produce
a cake which would contain minimal quantities of heavy metals in an effort to pass the
EP test without the addition of lime. This was done by batch processes. Accordingly:

" It is recommended that countercurrent leach and washing procedures be examined
to determine optimum contact conditions to maximize recovery consistent with the
best use of equipment. Effort should also be directed in determining whether more
rigorous leaching conditions can enable the leached filter cakes to pass the
Extraction Procedure Test for hazardous materials without further lime blending.
This should be done initially on a bench scale.

The sulfuric acid-leached filter cakes may still contain on the order of 0.1
percent heavy metals by weight. Lime additions enable them to pass the EP leach
procedure. It is desirable that these filter cakes be examined by the EPA or other
government authority to determine whether or not they represent a suitable material
for nonhazardous disposal. Accordingly:

e It is recommended that sulfuric acid-leached filter cakes be prepared (with or
without lime-blending as required) from actual metal plating sludges and that they
be submitted to the EPA for their examination to determine if they can be disposed
of as a nonhazardous waste.

Sulfide precipitation was chosen as a means .T effecting a simple separation
between copper, cadmium, and zinc as sulfides whien may be a treatable feed to a
copper or zinc refinery and chromium which can be reused in a plating circuit after
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8. Data Reduction, Validation and Reporting

Design of experiment

Measurement of calibration ...
standards

i" Measurement of samples, -
;" replicates, spikes and blanks "'

" Data reduction and"-
."validation using reecio

Sstatistical data evaluation o

(tracking outliers) ..

Data
accepted

Reporting of
new data

I Induction

Operator report

Customer report ,
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9. Internal Quality Control Checks

Design of experimen-

QC. by certified Collection of composite Preparation of Preparation

S10% replicates to send to each experiment solutions
jja certified laboratory EVERY WEEK

2spikes on each sample
2spikes on each blank

Continue as
Indicated in
Section 6
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10. Performance and System Audits .

~~To evaluate with customer, shortly before and during operation of experiments. r

11. Preventive Maintenance

,. Our equipment is maintained on a regular basis. Key equipment is protected by
10. erve contracts.te A s

; o 1CP - ARL 34000 ;Service performed by Internal expert (G. Meas). ARL service available upon

Prequest. Log of maintenance available.
SOmOne unit. m

o Flame atomic absorption

" Three units.- IL-951; IL-751; IL-551.
Service performed by internal expert (A. Johnson). Av
IL service available upon request. Log of maintenance available

- o Furnace atomic absorption
Two units: each unit composed of one IL-1, one IL-655, one IL-254, and one".

Versagraph 800 series strip chart recorder.

Note: All furnace work is recorded on strip chart recorder.

Service performed by internal expert (A. Johnson).
IL service available upon request.

77L
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12. Specific Routine Procedures Used to Assess Data Precision, Accuracy,
and Completeness

Statistical evaluation Certified laboratory
of data Rocky Mountain

Analytical

Internal

Cumulation of data
- mean
- range
- standard deviation
- etc.

Provision of control
charts following

Shewhart technique

Detection of
significant biases
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13. Corrective Action

This should be defined as the need arises.

.4

14. Quality Assurance Reports to Manarement

A complete report concerning QA and QC activities is provided with each Project
Progress Report, with emphasis on problems encountered and corrective actions
taken.

7..
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EP TOXICITY TEST PROCEDURE

Code of Federal Regulations (FR) 261.33
Appendix II, Volume 40, Parts 199-399, pp 380-382

m61, App . Iflt 40- atsdfef of snvkofmest

Ib meal Ao matans addiUanl t- 8 After the solid material and delopised
hosUatio em appliation of these Poolcols. water are placed in the extractor, the opera-

tar shall begin agitation and measure the
pH of the aolution In the extractor. U the

A155nm n-P Tolc'irr TUT pH is greater than 5.0. the pH of the aolu-
tion shall be decreased to 5.0 * 0.2 by0.6 adding 0i N acetic add. If the pH ls equal

,it. X" Pwm a ar (SP) to or les than 5.0. no acetic acid should be
kdded. The pH of the solution shall be mon-

1. A representative ample of the waate to Stored, as described below, during the course
be tested (minSam se 100 ras) shall be of the extraction and If the pH rises above
otained ing the methods specified in A- 5.2. 0.5N acetic acid shall be added to bring
pendi I or any other method capable of the pH down to 5.0 ± 0.2. However, in no
yielding a representative maple within the event shll the aggregrate amount of aid
moaning of Part 260. lFor detailed guidance added to the solution exceed 4 ml of aid
ec conducting the various apects of the ZP per gram of solid. The mixture shall be so-
e "Test Methods for the Uvalhutlon of tated for 24 hours and maintained at 30*-

old Wste. Pbys /Chemlea Methods" 40C (68-104p) during this time. It is rec-
(Incorporated by reference. see 26011).0 ommended that the operator monitor and

2. The sample Shall be separted Ito s adjust the pH during the course of the ex-
component liquid and solid phaes usint the traction with a device such as the Type 45-A
method described in "Separation Proce- pi Controller manufactured by Chemtrix.
dure" below. If the solid residue ' obtained Inc.. Hfllsboro, Oregon 97123 .. r its equiva-
Sing this method totals less than 0% of lent. in conjunction with a metering pump

the original Weight of the waste, the residue and reservoir of 0.5N acetic acid. If such a
an be discarded and the operator shall system Is not available, the following
treat the liquid phase s the extract and mand procedure shall be employed:
proceed Immediately to Step 8 (a) A pH meter shall be calibrated in ae-

3. The solid materil obtained from the oordance with the manufacturer's specifics-
separation Proedure shall be evaluated for
Its particle she. If the solid material has a (b) The pH of the solution shall be
surface are. per gram of material equal to. checked and, If necessary. 0.5N acetic acid
or greater than. 3,1 eml or panes through a shall be manually added to the extractor
t.5 nm (0.275 inch) standard sieve, the oper- until the pH reaches 5.0 * 0.2. The pH of
ator shall proceed to Step 4. U the surface the solution shall be adjusted at 15. 30 and
area Is smaller or the particle size lrger 0 minute interals, moving to the next
than specified above, the solid material longer interval if the pH does not have to be
shall be prepared for extraction by crush- adjusted more than 0.5N pH units,
Ing, cutting or grinding the material so that (c) The adjustmefit procedure shall be
It Pines through a Si mm (0.375 inch) sieve continued for at least S hours
or. f the material Is in a single piece, by (d) If at the end of the 24-hour extraction
subjecting the material to the "Structural period, the pH of the solution Is not below
Integrity JProcedure" described bellow.

r 4. The solid material obtained in Step 3 5.2 and the maximum amount of acid (4 ml
I aalul be weighed and placed in an ex per gram of solids) has not been added, the

with 1 times Its weight of delonized water. pH shall be adjusted to 5.0 ± 0.2 and the ex-
Do not alow the material to dry prior to traction continued for in additional four

weighing. fotr purposes of this test, an ac- hours, during which the pH shall be adjust-
ceptable extractor Is oe which i Impart ed at one hour intervals.
sufficient agitation to the mixture to not 6. At the end of the 24 hour extraction
only prevent stratification of the sample period, delonized water shall be added to
and extraction fluid but also insure that dll the extractor in an amount determined by
sample surfaces re Continuously brought the following equation:
Into contact with well mixed extraction V-(20XW)-I$(W)-A
fluid. V-mJ delonized water to be added

W-weight in grams of solid charged to ex-

*Tie prcent olids is determined by A-ml of 0.N acetic acid added during ex-
drying the filter pad at 0"C until It reaches tracn
constant weight and then calculating the 7. The material in the extractor shall be
percent solid using the following equation: separated into Its component liquid and

htreent DO" W solid phses as described under "Separation

Procedure."-, e 5+ - PU S e x so0 3. The liquids resulting from Steps 2 and I
shall be combined. This combined liquid (or
the waste Itself if It has less than % percent
solids, as noted in step 2) is the extract and
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uopler I 0 .- ,h eg,, AOSO.Y pot 261, App. R
dm be aMnflyzad for the I P of any of pressurizing on begis to eft from the M. 44
the 0 esminants specified In Table I of tate outlet.
63,1.24 Ng the Amn1tlesi Procedurbe (v) The filter nit shall be depres.urbad.
delnted below. the soid material removed and weighed and

then tzansferred to the extraction appars-
SeUpartio Pr,semd tu. or. In the ae of final fntration pror to

Ululpment A filter bolder designed for analysis, discarded. Do not allow the mal-
filtration media having a nominal pore sise 01 retained an the filter pad to dry prior to
of 0.45 micrometers and capable of applying w916h11g.
a 5.3 k /m' (75 pal) bydroestatic prmure to (vi) The liquid pha sdall be staod at 4 C
the solution being filtered. shall be used for subsequent use In Step L
For mixtures Containing nonabsorptive
solids, where separation can be effected ZtVutIuZ Ifxn pity Procedure
without Imposing a 5L k/em' pressure dif. ruipment: A Structural Integrity Teeter
ferentla vacuum filters employing a 0.45 having a 3.18 cm (1.25 In.) diameter hammermidcrmeters filter medt a be use. (Pr weighing 0.3 kg (0.73 lbs.) and having a
further guidanee OD filtration oulpmeft o' free fal of 15.24 em (6 In.) shall be used.
proceduresee "Test Methods for Zvaluat- This device Is available from Associated
Me Solid Waste. Physicsl/Chemical Meth- Design and Manufacturing Comn.y. Alex-
od" incorporated by referene, see andria. VA 22314. a Part No. 125. or It am

2 360.11). Procedure:, be fabricated to meet the specifications
I'- (I) Following manufacturer's directions sihown in Fpgure 1.

the filter unit shall be assembled with a
filter bed omlsting of a 0.45 micrometer Proesdu
filter membrane. lor difficult or slow to
filter mixtures a prefilt bed consng of * 1. The sample holder shall be filled with
the following prefilter. in increasing pore the material to be tested. If the sample of
Owe (0.605 micrometer membrane, fine glms waste Is a large monolithic block, a portion
fiber Prefilter. and coarse glass fiber p. shall be cut from the block having the d.
filter) mn be usid. menslons of a 3. cm (1.3 in.) diameter x .1
(i) The wate shall be poured Into the fl- em (2.8 In.) cylinder. For a fixated waste.

tration unit. samples may be cast In the form of a 3.3 m
(1I) The reservoir shall be slowly premur- (13 In.) diameter x 7.1 em (2.8 In.) cylinder

bed until liquid begins to flow from the ill- for purposes of conducting this test. In such
trate outlet at which point the pressure In eues. the waste may be allowed to cure for
the filter shall be Immediately lowered to 30 days prior to further testing.
10-15 p.1. lPUtration shall be continued . The sample holder shall be placed Into
until liquid flow ceases. the Structurl Integity Tester, then the

(lv) The pressure shall be Increased step- hastaner shall be raised to Its maximum
wise In 10 psi increments to 5 palg and fa. height and dropped. This shall be repeated
tratlon continued until flow cesses or the fifteen Umes.

. The material shall be removed from the
sample holder, weighed, and transferred to

'This procedure Is intended to result In the extraction apparatus for extraio
separation of the "free" liquid portion of
the waste from any solid matter having a Analytical Procedures jbr Analwnaf u .st ra
particle size >0.45 pm. If the sample will COntaminnts
not filter, various other separation tech. The test methods for analyzing the ex-
niques can be used to aid in the filtration.
A described above. pressure filtration Is tract wre as foUows,
employed to speed up the filtration process. 1. For arsenlc. barium. cadmium. chre o -
This does not alter the nature of the sepera- um. lead mercury, selenium, silver, endrin.
tion. If liquid does not separate during fl- lindae. methoxychlor. toxaphene, 2.4-
tratlon. the waste can be centrifused. If sp D[2.4.dichlorophenoxywcetic acid] or 2.4.5-
aration occurs during centrifugation, the TP (2.4,.-trlchlorophenoxyproplonle a cd]:
liquid portion (centrifugsate) Is filtered .Test Methods for the Evaluation of Solid
through the 0.45 pm filter prior to becoming Waste, Physical/Chemical Methods" (incor.
mixed with the liquid portion of the waste porated by reference. aee I 60.11). 4
obtained from the initial filtration. Any ma- 2. [Reserved]
terial that will not pan through the filter For all analyses, the methods of standard
after centrifugation is considered a solid addition shall be used for quantification of
and Is extracted. species concentration.
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S2l61, App. lii. 4I-P-1adis .of Imm,,eI

COMBINED
WEIGHT

.33K 9 :

1.73mg1

0

13 Iemo

16 " SAMPLE

ELASTOMERI C "  t'
• -SAMPLE HOLDER

9 c

*ELASTOMERIC SAMPLE HOLDER FABRICATED OF i

MATERIAL FIRM ENOUGH TO SUPPORT THE SAMPLE,:Figure I

COMPACTION TESTER
945 V11I. Ma It. 19'80. a unended &t 46l:t47JuIy7. l1a1
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Excerpt from U.S. Department of Commerce NTIS PB-297-453:

"Proceedings of Conference on Advanced Pollution Control
for the Metal Finishing Industry (2nd), Held at

Kissimmee, Florida, on February 5-7, 1979

of lime. A solution containing 20 mg,'I of each metal was
used for the test. Equal portions of this solution were
treated, one by Sulfext ' and the other by lime. The sludge
produced by each procedure was then subjected to the
leaching test recommendled by the EPA. The pH of the
Sulfex mixture was 5.7. The pH of the hydroxide mixture
was 5.8.

The Sulfex mixture gave no odor of H-LS nor was there
any evidence of H:S detectable by lead acetate paper.

EXTRACT LEVEL mg I

EPA Proliised
Regulation Sulfexr Hr~1rr.ride

Arsenic 0.50-
Barium 10.0
Cadmium 0.10 0.02 1000
Chromium

(Total) 050 < 0.05 1.5
*Lead 0.50 0_1

Selenium 0. 10
Silver 0.50 0.0: 0._1

MAY BE CONSIDERED IN FUTURE

Na 1

Fe 82 ~ 0 < t

Zn !0 0.164

Cu 10 003 5

These data would suegest that di-pma'l of sult~de
sludges %%III present no more of a pruhJ'.m th. n dispo%al
of hydroxide sludiz-:s. Both appear to be matert.il that
should be disposed in a secure landfill.
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APPENDIX B

MINERALOGY OF SLUDGES AND FILTER CAKES
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AMAX EXTRACTIVE RESEARCH & DEVELOPMENT, INC.
Inter-Office Memorandum

JECT:. Mineralogical Analysis of Synthetic Plating Sludge
and Leach Residue Cake (6921) March 20, 1985

M. Hepworth

IM: J.R. Odekirk

INTRODUCTION

Three synthetic, selectively aged, plating sludges and their leach residues were
stigated mineralogically to characterize and identify the phases present. The sludges
t produced by reacting metal sulfates with CaO to yield metal hydroxides and
ium sulfate hydrates. The leach residues consist of residual phases after an acid
i04) leach and subsequent wash.

SUMMARY

Aging of synthetic plating sludges at room temperature for 6 weeks resulted in
tallization of gypsum at the expense of previously formed bassanite. Sludges for L

!h there was no aging period contained bassanite and amorphous metal hydroxides.
ge aged at 66 0 C for 7 days contained bassanite, metal hydroxides and a trace amount
fpsum.

Leach residues of synthetic sludges, which had been aged under normal, low
)erature conditions, contained bassanite. The leach residue from a 7-day period of
lerated aging at 660 C contained both bassanite and gypsum.

Results

Microscopic and X-ray diffraction analyses were made on three aged, synthetic
,res and their leach residues to characterize and identify the phases present. Results
iese analyses are as follows:

No. 1124-16; No Aging

The sludge consists of fine-grained, amorphous metal hydroxides and coarser
,ed bassanite (2CaSO 4 - H2 0), Figure 1. Bassanite is one of four phases reported in
ystem CaSO4 - H20, and is referred to as a "soluble-anhydrite" or "hemihydrate"

Gypsum, which is the most common phase in the system, converts to the
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able hemihydrate form (bassanite) in water at elevated temperatures. With time,
e of differences in solubility, lower temperatures and poor crystal stability,
Ite will convert to gypsum. In this case, sludge which has not aged contains
ite and metal hydroxides.

The leach residue from this sludge contains mostly bassanite and a trace amount
am, Figure 2. Bassanite appears to occur as remnants of crystals which had
I earlier. The acid leach appears to have dissolved the metal hydroxides.

o. 1124-20; 7 day aging at 660C

The sludge from this test was treated at an elevated temperature (660C) for 7
) accelerate the aging process. X-ray diffraction analysis shows that the sludge
:s of bassanite, metal hydroxides (?) and a trace amount of gypsum. The fine-
3 metal hydroxides observed microscopically are amorphous and could not be
ned by X-ray diffraction analyses, Figure 3.

The leach residue of this accelerated aged sludge consists of both bassanite and a
jual amount of gypsum, Figure 4. The gypsum is present as fine-grained, needle-
ystals which make up a felted groundmass. The presence of the fine-grained
i may cause some problems in filtering of leach residues. It is indicated that
rated aging culd result in handling problems.

o. 1124-40; 42 days aging

Sludge from this test had been allowed to age for 42 days (6 weeks) at room
iature before being leached. In addition to containing metal hydroxides, the sludge
is gypsum. No bassanite was detected. The presence of gypsum is attributed to
ig aging period. The gypsum has formed at the expense of bassanite, Figure 5.

Treatment of the sludge produced two residues which had different wash
es. One wash was made using a total of 500 ml of deionized water at 600C; the
Nash used a total of 1000 ml of 0.1 normal H2 SO 4 at 70 0 C and a blender to help
.solids. The mineral constituent in both leach residues is bassanite. Apparently,
i crystals formed during the 42 day aging period were altered to bassanite during
d leach. The crystals shown in Figure 6 are bassanite pseudomorphs after gypsum.

Comparison of the leach residues, Figures 6 and 7, shows that the bassanite
s are of a smaller size in the acid-washed-leach residue. These small crystals are
ited to breakage of larger crystals by the blender blades during agitation.

In summary, the following conditions were noted during the mineralogical
gation.

"*

'alacke, C., et. al., "Dana's System of Mineralogy", Vol II, 7th Ed., John Wiley &
ons, New York, 1963.
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ieed aging of synthetic sludge by heating results in the formation of fine-grained
sum crystals. Such fine-grained crystals will result in filtering problems.

kg term, low-temperature aging of synthetic sludge yields gypsum rather than
sanite crystals.

id leaching of low temperature, aged sludge results in conversion of gypsum
stals to bassanite pseudomorphs.

ring of leach residues in a blender tends to grind crystals to a smaller size.

id leaching of synthetic plating sludge has resulted in dissolution of fine-grained
tal hydroxides.

~.o

J.R. Odekirk

.Chou
C. Jha
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Figure 1. Test No. 1124-16; sludge. ,,

,tomicrograph showing fine-grained metal hydroxides and crystals of bassanite. '

- ...

lb1

4F'

P~P

Figure . Test No. 1124-16; leg e.

Figure 2. Test No. 1124-16; leach cake.

tomicrograph showing residual crystals of bassanite. The metal hydroxides 7.
leached away. 75X.
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Figure 3. Test No. 1124-20; sludge.

Photomicrograph showing fine-grained metal hydroxides and crystals of
bassanite. Gypsum in trace amounts occurs as very small needle-like crystals. 75X.

Figure 4. Test No. 1124-20; leach cake.

Photom Icrograph showing fine-grained needles of gypsum and coarser grained
crystals of bassarilte. 75X.
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Figure 5. eat No. 1124-40; sckldge.a~

Photomicrograph ofhagedgsludge (42 days) showingaftne-grasned metal hydroxides
hand gypsu lecrystas. 75X.
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Figure 7. Test No. 1124-40; leach cake, acid wash.

Photomicrograph showing bassanite pseudomorphs after gypsum. The smaller
grain size Is attributed to grinding by the blender blades. 75X.
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Dofeue Teehbeal Information Center
Cameron Station
Alsomndie, VA 22314 12

Commander
U. . Army Toxic and Hazardous Materials Agency
Attention: AMXTH-TE-D
Aberdeen Proving Groumnd MD 21010-5401 5

Commander
U. S. Army Toxic and Hazardous Materials Agency
Attention: AMXTH-E8
Aberdeen Proving Gromd, MD 21010-5401 2

Defense Logistics Studies Information Exchange
U. . Army Logistics Management Center
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